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Background of the Inventioii 



This inventLon relates generally to data measurement and, more 
specifically, to a control system for data measOTement. 

Sensor equipment is used in a variety of applications to acquire 
5 environmental data measiu*ements. The existing technology for acquiring data 
measurements sufiFers from a number of limitations. For example, the existing 
technology may suffix firom a degradation of system performance as a result of 
system startup, system overloading, or stray capacitance within the system. 
Furthermore, testing the output of a sensor controller in the existing technology 
10 is time-consxuning and expensive. 

The present invention is directed to overcoming one or more of the 
limitations of the existing technology for acquiring environmental data 
measurements. 



for recording environmental data measurements is provided that includes a 
sensor for detecting environmental data, a controller for controlling the 
operation of the sensor, including a fi:ont-end circuit coupled to the sensor, a loop 
filter coupled to the fi-ont-end drcuit, a multiphase clock generator coupled to 
20 the front-end circuit and the loop filter, and a startup sequencer coupled to the 
loop filter, and a communication interface for coupling the sensor and the 
controller. 

According to another embodiment of the present invention, a controller 
for controlling the operation of a sensor is provided that includes a firont-end 

25 circuit coupled to the sensor, a loop filter coupled to the front-end circuit, a 

multiphase dock generator coupled to the front^end circuit and the loop filter, a 
startup sequencer coupled to the loop filter and the multiphase clock generator, a 
sensor simulator for simulating the performance of the sensor coupled to the 
startup sequencer, the multiphase clock generator, and the front-end circuit, and 

30 an overload detection device coupled to the loop filter and the startup sequencer. 



15 



Summary 

According to one embodiment of the present invention, a sensor s^tem 
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According to another embodiment of the present invention, a controller 
for controlling the operation of a sensor is provided that includes a front-end 
circuit coupled to the sensor, a loop filter coupled to the front-end drcuit, a 
multiphase dock generator coupled to the front^end circuit and the loop filter, a 
5 startup sequencer coupled to the loop filter and the multiphase clock generator, 
and an overload detection device coupled to the loop filter and the startup 
sequencer. 

According to another embodiment of the present invention, a front-end 
circuit for providing electrostatic forces and position sensing for a measurement 

10 mass in a sensor is provided that includes a plurality of switches for controlling 
the operation of the sensor and a sense amplifier for sensing the position of the 
measiurement mass withia the sensor. 

According to another embodiment of the present invention, a loop filter 
for providing control to a sensor system is provided that includes one or more 

15 integrators for providing a signal for controlling the sensor system, one or more 
derivative controllers for providtag a signal for controlling the sensor system, one 
or more proportional controllers for providing a signal for controlling the sensor 
S3^tem, and a siunmer for combining the signals from the integrators, the 
derivative controllers, and the proportional controllers. 

20 According to another embodiment of the present invention, a method of 

operating a loop filter within a sensor system is provided that includes sending a 
signal to the loop filter indicatiag an operating mode of the sensor system, 
operating the loop filter in a reduced-order mode while the sensor system is 
operating in a start-up mode, operating the loop filter in the reduced-order mode 

25 for a predetermined period of time after the sensor system transitions from the 
start-up operating mode to a sigma-delta operating mode, and operating the loop 
filter in a normal mode during the sigma-delta operating mode after the 
predetermined period of time during which the loop filter operates in reduced- 
order mode. 

80 According to another embodiment of the present invention, a method of 

ox>erating a loop filter within a sensor system is provided that includes sending a 
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signal to the loop filter indicating an operating mode of the sensor system, 
operating the loop filter in a reduced-order mode while the sensor system is 
operating in a start-up mode, operating the loop filter in the reduced-order mode 
for a predetermined period of time after the sensor system switches fi*om the 
5 start-up operating mode to a sigma-delta operating mode, operating the loop 
filter in the reduced-order mode while the sensor system is operating in the 
sigma-delta operating mode, and operating the loop filter in a normal mode while 
the sensor system operates in the sigma-delta operating mode after the 
predetermined period of time during which the loop filter operates in reduced- 
10 order mode. 

According to another embodiment of the present invention, a method of 
controlling the op^ation within a sensor sj^tem of a loop filter including one or 
more integrators, a proportional controller, and a derivative controller is 
provided that includes sending a signal to the loop filter indicating the operating 

15 mode of the sensor system, holding the integrators in a r^et mode to place the 
loop filter in a reduced-order operating mode when the sensor system is 
operating in a start-up mode, and taking the integrators out of the reset mode to 
place the loop filter in a normal operating mode when the sensor sjnstem is 
operating in a sigma-delta operating mode. 

20 According to another embodiment of the present iuvention, a method of 

placing a loop filter including one or more integrators, a proportional controller, 
and a derivative controller in a reduced-order operating mode is provided that 
includes sending a signal to the loop filter to control the operating mode of the 
loop filter, holding the integrators within the loop filter in a reset mode to place 

25 the loop filter in the reduced-order operating mode. 

According to another embodiment of the present invention, a method of 
providing control to a sensor assembly is provided that includes determining an 
operating mode of the sensor assembly, adjusting a mode of operation of a loop 
filter in the sensor assembly, providing feedback loop compensation to the sensor 

30 assembly during a start-up mode of operation for the sensor assembly, and 
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providing noise shaping to the sensor assembly dining a sigma-delta mode of 
operation for the sensor assembly. 

According to another embodiment of the present invention, a multiphase 
dock generator for providing dock signals for controlling the operation of a 
5 sensor system is provided that indudes a digital signal generator and a data- 
independent clock res3mchronization circuit coupled to the digital signal 
generator. 

According to another embodiment of the present invention, a sensor 
simulator for simulating the operation of a sensor is provided that indudes a 

10 filter adapted to receive one or more input signals and generate an output signal 
representative of the operating state of the sensor and an input signal selector 
operably coupled to the filter adapted to controllably select the input signals as a 
function of the simulated operating state of the sensor. 

According to another embodiment of the present invention, a system for 

15 testing the operation of a controller in a sensor system is provided that includes a 
sensor simulator for simulating the operation of a sensor and a controller coupled 
to the simulator. 

According to another embodiment of the present invention, a method of 
controlling the operation of a sensor system is provided that includes using a 
20 controller to apply electrostatic forces to a sensor to create one or more sensor 
operating states and sequentially arranging the operating states into which the 
sensor is placed to create one or more operating modes for the sensor system. 

According to another embodiment of the present invention, a feedback 
control system for providing control to a sensor system is provided tiiat includes 
25 a startup sequencer for selecting the mode of operation of the feedback control 
system and a loop filter coupled to the startup sequencer. 

According to another embodiment of the present invention, a multiphase 
dock generator for generating dock signals for use within a sensor system is 
provided that includes a digital signal generator for generating a first clock signal 
30 and a clock resynchronization circuit coupled to the digital signal generator for 
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receiving the first clock signal firom the digital signal generator and resampling 
the first clock signal to generate a second clock signal. 

According to another embodiment of the present invention, a clock 
resynchronization circuit for resampling clock signals is provided that includes a 
5 plurality of inverters, a plurality of NOR gates coupled to the inverters, a 
plurality of NAND gates coupled to the inverters, a plurality of XNOR gates 
coupled to the NAND gates and the inverters, a plurality of asynchronous set 
double-edge flip-flops coupled to the NOR gates, and a plurality of asynchronous 
reset double-edge flip-flops coupled to the NOR gates. 

10 According to another embodiment of the present invention, a device for 

resampling an input signal on a rismg edge and a falling edge of a clock signal is 
provided that includes a plurality of transmission gates, one or more NOR gates 
coupled to the transmission gates, and a plurality of inverters coupled to the 
NOR gates and the transmission gates. 

15 According to another embodiment of the present invention, a device for 

resampling an input signal on a rising edge and a falling edge of a clock signal is 
provided that includes a plwality of transmission gates, one or more NAND 
gates coupled to the transmission gates, and a plurality of invertws coupled to 
the NAND gates and the transmission gates. 

20 According to another embodiment of the present invention, a method of 

generating a clock signal for a sensor assembly is provided that includes 
generating a first dock signal and resampling the first clock signal to generate a 
second dock signal to restore signal integrity and provide a timing relationship. 
According to another embodiment of the present invention, a method of 

25 resampling an input signal is provided that indudes resampling the input signal 
in a first level-sensitive latch, induding one or more transmission gates, one or 
more NOR gates, and one or more inverters, on one edge of a dock input signal, 
and resampling the input signal in a second level-sensitive latch, induding one or 
more transmission gates, one or more NOR gates, and one or more inverters, 

SO acting in parallel with the first level-sensitive latch, on another edge of the clock 
input signal. 
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According to another embodiment of the present invention, a method of 
resampling an input signal is provided that includes resampling the input signal 
in a first level-sensitive latch, including one or more transmission gates, one or 
more NAND gates, and one or more inverters, on one edge of a clock input signal, 
5 and resampling the input signal in a second level-sensitive latch, including one or 
more transmission gates, one or more NAND gates, and one or more inverters, 
acting in parallel with the first level-sensitive latch, on another edge of the dock 
input signal. 

According to another embodiment of the present invention, a method of 
10 operating an analog control circuit is provided that includes generating a first 
clock signal, resampling the first dock signal to generate a second dock signal to 
restore signal integrity and provide a proper timing relationship, and driving the 
analog control circuit using the second clock signal. 

According to another embodiment of the present invention, a controller 
15 assembly is provided that includes a sensor, a sensor simulator for simulating the 
operation of the sensor, a controller for controlling the sensor and the sensor 
simulator, and a switch for coupling the controller to the sensor or the sensor 
simulator. 

According to another embodiment of the present invention, a method of 
20 testing a controller in a controller assembly is provided that indudes connecting 
a sensor simulator to the controller, supplying an input signal of a known value 
to the sensor simulator, converting the input data to the sensor simulator into an 
output stream from the sensor simulator, sending the output stream from the 
sensor simulator to the controller, processing the output stream fi*om the sensor 
25 simulator vdthin the controller to create an output stream fi'om the controller, 
and analyzing the output from the controller to determine the accuracy of the 
controller. 

According to another embodiment of the present invention, a method of 
fabricating a controller assembly for a sensor is provided that includes providing 
30 a substrate, fabricating one or more controllers on the substrate, fabricating one 
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or more sensor simulators on the substrate, and coupling the controller and the 
sensor simulator. 

According to another embodiment of the present invention, a method of 
offsetting the efiTects of external acceleration forces on a sensor is provided that 
5 includes applying electrostatic forces to the sensor to of&et the effects of the 
acceleration force. 

The present embodiments of the invention provide a ^tem for acquiring 
environmental information measurements, utilizing a sensor, a front^end circuit, 
a loop filter, a switch controller, and a reduced-order loop control circuit to 
10 provide reliable data measurements while providing robust 83rstem behavior. 
The system further includes a sensor simulator for simulating the operation of 
the sensor and testing the operation of the fi*ont-end circuit and the loop filter. 

Brief Description of the Drawings 
FIG. 1 illustrates an embodiment of a S3^tem for acquiring environmental 
15 data measurements. 

FIG. 2 illustrates an embodiment of a sensor and controller for use in the 
system of FIG. 1. 

FIG. 3 illustrates an embodiment of the sensor and the controller of FIG. 

2. 

20 FIG. 4 illustrates an embodiment of the front-end circuit used in the 

controller of FIG. 3. 

FIG. 5 illustrates an embodiment of the loop filter used in the controller of 
FIG. 3. 

FIG. 6 illustrates an embodiment of the miiltiphase clock generator used 
25 in the controller of FIG. 3. 

FIG. 7 illustrates an embodiment of the startup sequencer included within 
the controller of FIG, 3. 

FIG. 8 illustrates an embodiment of the overload detection device used in 
the controller of FIG. 3. 
30 FIG. 9 illustrates an embodiment of the sensor used in the system of FIG. 

1. 
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FIG. 10 illustrates an embodiment of the sensor of FIG. 9 operating in a 
DUMMY FORCE DOWN STATE. 

FIG. 11 illustrates an embodiment of the sensor of FIG. 9 operating in a 
DUMMY FORCE UP STATE. 
5 FIG. 12a illustrates an embodiment of the sensor of FIG. 9 operating in a 

FIRST MODULATOR FORCE UP STATE. 

FIG. 12b illustrates an alternative embodiment of the sensor of FIG. 9 
operating in a SECOND MODULATOR FORCE UP STATE. 

FIG. 12c illustrates an embodiment of the sensor of FIG. 9 operating in a 
10 FIRST MODULATOR FORCE DOWN STATE. 

FIG. 12d illustrates an alternative embodiment of the sensor of FIG. 9 
operating in a SECOND MODULATOR FORCE DOWN STATE. 

FIG. 13 illustrates an embodiment of the sensor of FIG. 9 operating in a 
RETURN-TO-ZERO STATE. 
15 FIG. 14 illustrates an embodiment of the sensor of FIG. 9 operating in a 

GRAVITY CANCELLATION STATE. 

FIG. 15 illustrates an embodiment of the sensor of FIG. 9 operating in a 
VOLTAGE EQUALIZATION STATE. 

FIG. 16a illuslrates an embodiment of the sensor of FIG. 9 operating in a 
20 SENSING (CHARGE SUMMATION) STATE 1. 

FIG. 16b illustrates an alternative embodiment of the sensor of FIG. 9 
operating in a SENSING (CHARGE SUMMATION) STATE 2. 

FIG. 17 is a chart indicating the position of switches within the front-end 
circuit of FIG. 4 during the various exemplary operating states of the sensor. 
25 FIG. 18 is an embodiment of a doddng diagram of the sensor of FIG. 9 in 

OPERATING MODE 1. 

FIG. 19a illustrates an embodiment of the sensor of FIG. 9 operating in 
the SECOND MODULATOR FORCE UP STATE or the SECOND 
MODULATOR FORCE DOWN STATE during OPERATING MODE 1. 
30 FIG. 19b illustrates an embodiment of the sensor of FIG. 9 operating in 

the VOLTAGE EQUALIZATION STATE during OPERATING MODE 1. 
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FIG. 19c illustrates an embodiment of the sensor of FIG. 9 operating in 
the SENSING STATE 2 during OPERATING MODE 1. 

FIG. 20 is an embodiment of a clock diagram of the sensor of FIG. 9 in 
OPERATING MODE 2. 
5 FIG. 21a illustrates an embodiment of the sensor of FIG. 9 operating in 

the RETURN-TO-ZERO STATE during OPERATING MODE 2. 

FIG. 21b illustrates an embodiment of the sensor of FIG. 9 operating in 
the GRAVITY CANCELLATION STATE during OPERATING MODE 2. 

FIG. 21c illustrates an embodiment of the sensor of FIG. 9 oi>erating in 
10 the VOLTAGE EQUALIZATION STATE during OPERATING MODE 2. 

FIG. 21d illustrates an embodiment of the sensor of FIG. 9 operating in 
the SENSING STATE 1 during OPERATING MODE 2. 

FIG. 22 illustrates an embodiment of the sensor of FIG. 9 including stray 
capacitances. 

15 FIG. 23a illustrates an embodiment of the positioning of a measurement 

mass within the sensor of FIG. 9. 

FIG. 23b illustrates an embodiment of the positioning of the measurement 
mass of FIG. 23a within the sensor of FIG. 9 containing stray capacitances. 
FIG. 24 is an embodiment of a dock diagram of the sensor of FIG. 9 in 
20 OPERATING MODE 3. 

FIG. 25a illustrates an embodiment of the sensor of FIG. 9 operating in 
the DUMMY FORCE DOWN STATE during OPERATING MODE 3. 

FIG. 25b illustrates an embodiment of the sensor of FIG. 9 operating in 
the DUMMY FORCE UP STATE during OPERATING MODE 3. 
25 FIG. 25c illustrates an embodiment of the sensor of FIG. 9 operating in 

the GRAVITY CANCELLATION STATE during OPERATING MODE 3. 

FIG. 25d illustrates an embodiment of the sensor of FIG. 9 operating in 
the VOLTAGE EQUALIZATION STATE during OPERATING MODE 3. 

FIG. 25e illustrates an embodiment of the sensor of FIG. 9 operating in 
30 the SENSING STATE 1 during OPERATING MODE 3. 
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FIG. 26 illustrates an embodiment of a clocking diagram of the sensor of 
FIG. 9 during OPERATING MODE 4.1. 

FIG. 27 illustrates an embodiment of a clocking diagram of the sensor of 
FIG. 9 during OPERATING MODE 4.2. 
5 FIG. 28 illustrates an embodiment of a clocking diagram of the sensor of 

FIG. 9 during OPERATING MODE 4.3. 

FIG. 29 illustrates an embodiment of a clocking diagram of the sensor of 
FIG. 9 during OPERATING MODE 4.4. 

FIG. 30 illustrates an embodiment of a clocking diagram of the sensor of 
10 FIG. 9 during OPERATING MODE 4.5, 

FIG. 31 illustrates an embodiment of a clocking diagram of the sensor of 
FIG. 9 during OPERATING MODE 4.6. 

FIG. 32 illustrates an embodiment of a clocking diagram of the sensor of 
FIG. 9 during OPERATING MODE 4.7. 
15 FIG. 33 illustrates an embodiment of a clocking diagram of the sensor of 

FIG. 9 during OPERATING MODE 4.8. 

FIG. 34 illustrates an embodiment of a startup sequence for the sensor 
and controller of FIG. 2 without a stray capacitance calibration step. 

FIG. 35 illustrates an embodiment of a startup sequence for the sensor 
20 and controller of FIG. 2 including a stray capacitance calibration step. 

FIG. 36 illustrates an embodiment of a startup sequence for the sensor 
and controller of FIG. 2 without a stray capacitance step in which the controller 
remains in analog output mode. 

FIG. 37 illustrates an embodiment of a startup sequence for the sensor 
25 and controller of FIG. 2 including a stray capacitance step in which the controller 
remains in analog output mode. 

FIG. 38 illustrates an embodiment of the sensor and controller of FIG. 2 
positioned in an upright manner and experiencing a downward acceleration 
force. 
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FIG. 39 illustrates a downward electrostatic force applied to the upright 
sensor of FIG. 38 by the controller to offset the effects of the downward 
acceleration force. 

FIG. 40 illustrates an embodiment of the sensor and controller of FIG. 2 
5 positioned in an upside-down manner and experiencing a downward acceleration 
force. 

FIG. 41 illustrates a downward electrostatic force applied to the upside- 
down sensor of FIG. 38 by the controller to offset the effects of the downward 
acceleration force. 

10 FIG. 42 illustrates an embodiment of the loop filter of FIG. 5 operating in 

a reduced-order mode. 

FIG. 43 is an embodiment of a method of providing control to the sensor 
system of FIG. 1. 

FIG. 44 illustrates a preferred embodiment of the multiphase clock 
15 generator of FIG. 6. 

FIG. 45a illustrates a portion of an embodiment of a clock 
resynchronization circuit used in the multiphase clock generator of FIG. 44. 

FIG. 45b illustrates another portion of the dock resynchronization circuit 
of FIG. 45a. 

20 FIG. 45c illustrates another portion of the dock resynchronization circuit 

of FIG. 45a. 

FIG. 45d illustrates another portion of the clock resynchronization circuit 
of FIG. 45a. 

FIG. 45e illustrates another portion of the clock res}mchronization circuit 
25 of FIG. 45a. 

FIG. 46 illustrates an embodiment of a set dual edge flip-flop used in the 
multiphase clock generator of FIG. 44. 

FIG. 47 illustrates an embodiment of a reset dual edge flip-flop used in the 
multiphase clock generator of FIG. 44. 
30 FIG. 48 is an embodiment of a timing diagram for the dock 

resynchronization circuit of FIG. 45a. 
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FIG. 49 is an embodiment of another timing diagram for the dock 
resynchronization drciiit of FIG. 45a. 

FIG. 50 is an embodiment of a method of controlling the operation of the 
front-end circuit of FIG. 4. 
5 FIG. 51 illustrates an embodiment of a system for testing the operation of 

the controller of FIG. 2. 

FIG. 52 illustrates an embodiment of a sensor simulator used in the 
system of FIG. 51. 

FIG. 53 is an embodiment of a method of testing the output of the 
10 controUerofFIG. 2. 

FIG. 54a illustrates an embodiment of the system of FIG. 51 when the 
system is operating in a normal operating mode. 

FIG. 54b illustrates an embodiment of the system of FIG. 51 when the 
system is operating in a testing mode. 
15 FIG. 55 is an embodiment of a method of creating a controller assembly. 

FIG. 56 is an embodiment of a controller assenoJbly for use in the method 
of FIG. 55. 

FIG. 57 is an embodiment of a method of creating a sensor assembly. 
Detailed Description of the Illustrative Embodiments 
20 Referring to FIGS. 1, 2, 3, 4, 5, 6, 7 and 8, a system for acquiring 

environmental data measurements will now be described. 

Referring initially to FIG. 1, a preferred embodiment of a sensor system 
100 for acquiring environmental data measurements is illustrated. The system 
100 preferably includes a measurement device 105 for detecting environmental 
25 data measurements, a controller 110 for controlling the measiu*ement device 105, 
and a communication interface 115 for coupling the measurement device 105 and 
the controller 110. 

The measurement device 105 is preferably adapted to detect 
environmental data measurements. In a preferred embodiment, the 
30 measurement device 105 is coupled to the controller 110 by the communication 
interface 115. The measurement device 105 may include any number of 
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conventional commercially available measiu^ement devices suitable for acquiring 
environmental data measurements. As illustrated in FIG. 2, ia a preferred 
embodiment, the measurement device 105 includes a sensor 205, a controller 
206, and an interface 207 for coupling the sensor 205 and the controller 206. 
5 The sensor 205 may include any niunber of sensors suitable for detecting 

and recording environmental data measurements such as, for example, a 
geophone, a hydrophone, a pressure sensor, a temperature sensor, or an 
accelerometer. In a preferred embodiment, the sensor 205 is an accelerometer. 
The accelerometer 205 may be micromachined &om wafers made from any 

10 number of conventional commercially available materials suitable for creating a 
sensor, such as, for example, silicon, polysilicon, germanium, quartz, pyrex, 
gallium arsenide, galliimi phosphate, or plated metals. In a preferred 
embodiment, the accelerometer 205 is micromachined from silicon. 

The design of the sensor 205 is preferably provided substantially as 

15 described in United States patent application serial niunber 

, attorney docket number 14737.737, filed on 

, and as described in United States patent number 

5,852,242, the disclosures of which are incorporated herein by reference. In a 
preferred embodiment, as illustrated in FIGS. 3 and 4, the sensor 205 includes 

20 conductive plates 305, 306, 307, and 308, a measiurement mass 309, and springs 
301 for supporting the measurement mass 309 within the sensor 205. 

In a preferred embodiment, the conductive plates 305, 306, 307, and 308 
are substantially identical. The plates 305, 306, 307, and 308 may be formed 
from any number of conventional commercially available materials suitable for 

25 forming conductive plates. In a preferred embodiment, the plates 305, 306, 307, 
and 308 are provided substantially as described in one or more of the following: 
United States Patent number 5,852,242, United States Patent niunber 
5,652,384, United States Patent number 5,777,226, and United States patent 
application serial niunber , attorney docket niunber 

30 14737.737, filed on , the disclosures of which are 

incorporated herein by reference. The plates 305, 306, 307, and 308 may be 
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arranged mthin the sensor 205 in any manner anitable for initiating tlie 
interaction between Uie plaies 305, 306, 307, and 308 neceasaiy to create a 
«»«or. I'>«'ITeferredenAodimeBt.aiepIate305i»positioaedsubstanaalfy 
opposii* tte plate 306 and tl>e plate 307 is poriiioned substantialty opposite the 
5 plate 308. 

The measurement mass 309 may be formed from any number of 
conventional commerdaUy available materials, such as, for example, silicon 
polysihcon, germanium, quartz, pyrex, galKum arsenide, gallium phosphate or 
plated metels. In a preferred embodiment, the measurement mass 309 is 
10 micromachined from silicon. 

The springs 301 are preferably ad^ to couple the measurement mass 
309 to the sensor 205 and to support the measurement mass 309 «thin the 
sensor205. The springs 301 preferably iurther provide electrical com.edi«« 
between the measurement mass 309 and the sensor 205. The design of the 

M SOI is preferably provided substentially as described in one or more of 

<he following: United States Patent nmnber 5,652,384 and United States Patent 
nmnber 5,777,226, U,e disdosm^es of which are incorporated herein by reference 

The contoUer 206 may include any number of controUers suitable for 
controningfl,eoperaaoaofthesensor205,suchas.foreMmple a 
20 ircpienqr/ampUtade moduhtion c»n<xoBer or an appUcation specific integrated 
arcmtCASIC). In a preferred embodiment, the controUer 206 is an ASIC In a 

preferredembodiment,theconWler206isasigma-deltaASICcon.™Uer In a 
preferred embodiment, as iUustrated in FIG. 3. the controUer 206 includes a 
fronted circuit 310, a loop filter circuit 315. a multiphase dock generator 320, a 
25 Startup sequencer 325, a sensor simulator 330, and an overload detection device 

335. 

In a preferred embodiment, the fi^nt-end drcuit 310 interfaces to the 
sensor 205 and is adapted to provide electrostedc fordng and position sensingfor 
the meas„rementmass309™ihin the sensor 205. In a preferred embodiment 
80 the fronted drcuit 310 is operrf,ly „upled to the sensor 205 by the interfi«» ' 
207. The fronted drcuit 310 is also preferably operably coupled to the loop 
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filter 315, the multiphase clock generator 320, and the sensor simulator 330. 
The front^end drcuit 310 may include any number of circuits suitable for 
providing electrostatic forcing and position sensing for the sensor 205. In a 
preferred embodiment, the fironfc-end circuit 310 is an analog circuit. As 
5 illustrated in FIG. 4, the front-end drcuit 310 preferably includes switches 
phsul, phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, phs, phf, 
phloop, phsim, phxbuf, phz, and pha for connecting the sensor 205 to a variety of 
voltage sources, and a sense amplifier 405 for sensing the position of the 
meastnrement mass 309 within the sensor 205. 

10 The switches phsul, phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, 

phg2, phsg, phs, phf, phloop, phsim, phxbuf, phz, and pha may be any number of 
conventional commercially available switches suitable for connecting the sensor 
205 to a variety of voltage sources. 

The sense amplifier 405 may be any number of sense amplifiers suitable 

15 for sensing the position of the measurement mass 309 in the sensor 205. In a 
preferred embodiment, the sense amplifier 405 is a switched-capadtor circuit. In 
a preferred embodiment, the output Vx of the sense amplifier 405 in the front- 
end circuit 310 is a voltage representing the position of the measurement mass 
309 within the sensor 205. The position of the measurement mass 309 within 

20 the sensor 205 may be representative of the amount of an acceleration force 
experienced by the measurement mass 309. 

The loop filter 315 is preferably adapted to receive the output Vx from the 
sense amplifier 405 and create output streams for providing feedback loop 
compensation and noise shaping for the sensor 205. In a preferred embodiment, 

25 the loop filter 315 is operably coupled to the front-end circuit 310, the multiphase 
dock generator 320, the startup sequencer 325, and the ov^load detection device 
335. In a preferred embodiment, as illustrated in FIG. 5, the loop filter 315 
indudes one or more integrators 505, a derivative controller 510, a proportional 
controller 515, summers 520 and 525, a comparator 530, a buffer 535, and 

30 scaling devices 507. In a preferred embodiment, the loop filter 315 is an analog 
circuit. 
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In a preferred embodiment, the integrators 505 are used to provide control 
to the sensor 205. The integrators 505 preferably generate third, fourth, and 
fifth integral terms for fifth-order noise shaping of 1-bit quantization noise. The 
integrators 505 may include any number of conventional commercially available 
5 integrators suitable for providing integral control to sensor 205. In a preferred 
embodiment, the integrators 505 are switched-capadtor circuits. 

The scaling devices 507 preferably scale the output streams from the 
integrators 505. The scaling devices 507 may be any number of devices suitable 
for scaling the output streams firom the integrators 505. In a preferred 

10 embodiment, the seating devices 507 are switched-capadtor circuits. 

The derivative controller 510 preferably provides derivative control to the 
sensor 205. In a preferred embodiment, the derivative controller 510 provides 
derivative control to the sensor 205 by generating a velodty term as the first 
integral of acceleration by using a derivative of the x-position of the 

15 measurement mass 309 within the sensor 205. The derivative controller 510 
may be any number of conventional commerdaUy avaUable controllers suitable 
for providing derivative control to the sensor 205. In a preferred embodiment, 
the derivative controller 510 is a switched-capadtor drcuit. 

The proportional controller 515 preferably provides additional control to 

20 the sensor 205. In a preferred embodiment, the proportional controller 515 
provides proportional control to the sensor 205 by generating a displacement 
term as a second integral of the acceleration force experienced by the sensor 205. 
The proportional controller 515 may be any number of conventional 
commerdally available controUers suitable for providing proportional control to 

25 the sensor 205. In a preferred embodiment, the proportional controller 515 is a 
switched-capadtor drcuit. 

The summers 520 preferably receive the output streams &om the 
integrators 505 and combine the streams into a single output data stream. In a 
preferred embodiment, the summers 520 receive the scaled output streams from 

30 the scaling devices 507 and combine them into a sin^e output data stream. In a 
preferred embodiment, the output data streams firom the summers 520 are sent 
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to the next integrator 505. The summers 520 may be any nmnber of 
conventional commercially available devices suitable for combining data streams 
from the integrators 505 into a sin^e output data stream. In a preferred 
embodiment, the smmners 520 are switched-capadtor circuits. 
6 The summer 525 preferably receives the output streams from the scaling 

devices 507, the derivative controller 510, and the proportional controller 515 
and combines the streams into a single output data stream. In a preferred 
embodiment, the output data stream from the summer 525 drives the 
comparator 530. In another preferred embodiment, the output from the summer 

10 525 drives the buffer 535. The summer 525 may be any number of conventional 
commercially available devices suitable for combining data streams from the 
scaling devices 507, the derivative controller 510, and the proportional controller 
515 into a sin^e output data stream. In a prefixed embodiment, the summer 
525 is a switched-capadtor circuit. 

15 The comparator 530 preferably provides a feedbadc signal to the front-end 

circuit 310 when the system 100 is operating in a normal sigma-delta operating 
mode. In a preferred embodiment, the output stream IMOD from the 
comparator 530 is a digital 1-bit representation of the output of the loop filter 
315. In a preferred embodiment, the input into the loop filter 315 is the output 

20 Vx of the front-end circuit 310, which is representative of the position of the 

measurement mass 309 within the sensor 205. The position of the measurement 
mass 309 preferably varies as acceleration forces are applied to the sensor 205. 
The comparator 530 may be any number of conventional commerdally available 
comparators. In a preferred embodiment, the comparator 530 is an analog 

25 circuit. 

The buffer 535 prefira-ably provides a feedback signal to the front-end 
circuit 310 during the start-up of the system 100. In a preferred embodiment, 
the output stream Vsum of the buffer 535 is a voltage representation of the 
acceleration experienced by the sensor 205. In a preferred embodiment, the 
30 input into the loop filter 315 is the output Vx of the front-end circuit 310, which 
is representative of the position of the measurement mass 309 within the sensor 
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205. The buffer 535 may include any number of conventional commercially 
available bufTers. In a preferred embodiment, the buffer 535 is an analog circuit. 

In a preferred embodiment, as illustrated in FIG. 6, the multiphase dock 
generator 320 is adapted to receive input data streams and convert the input 
5 streams to output clock signals used to control the svdtches in the frontrend 
circuit 310 and the loop filter 315. The input streams received by the multiphase 
dock generator 320 may include, for example, the output stream IMOD from the 
loop filter 315, an external test signal XTST, a test stream TEST designed to 
combine with the output stream IMOD from the loop filter 315 if the value of the 

10 external test signal XTST is high, a master dock signal CLK^ and a control signal 
CTRL for indicating the operatmg mode of the sensor 205. In a preferred 
embodiment, as illustrated in FIG. 3, the multiphase dock generator 320 is 
operably coupled to the front-end circuit 310, the loop filter 315, the startup 
sequencer 325, and the sensor simulator 330. The multiphase clock generator 

15 320 may be any nmnber of conventional commercially available clock generators 
suitable for controlling switches in the front-end circuit 310 and the loop filter 
315. In a preferred embodiment, the multiphase clock generator 320 is a digital 
circuit. 

The startup sequencer 325 is preferably adapted to provide stabiUtjr to the 
20 sensor 205 during the startrup of the system 100. The startup sequencer 325 is 
also preferably used to help the sensor 205 handle hi^-level inputs and recover 
from unexpected overloads. In a preferred embodiment, the startup sequencer 
325 controls the different modes of operation used by the controller 206 for 
startup and calibration of the sensor 205. In a preferred embodiment, as 
25 illustrated in FIG. 3, the startup sequencer 325 is operably coupled to the loop 
filter 315, the multiphase clock generator 320, the sensor simulator 330, and the 
overload detection device 335. In a preferred embodiment, as illustrated in FIG. 
7, the input streams into the startup sequencer 325 are the master clock signal 
CLK and an overload detection signal OVL. The output streams from the 
30 startup sequencer 325 are preferably the control signal CTRL for indicating the 
operating mode of the sensor 205, the digital signal XTST for indicating that the 
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controller 206 should use an external test bitstream, and a reset signal RST for 
resetting the integrators 505 in the loop filter 315, the sense amplifier 405 in the 
fi-ontrend circuit 310, and the multiphase clock generator 320, The startup 
sequencer 325 may be any niuxiber of conventional commercially available 
5 circuits suitable for helping the sensor 205 handle high-level inputs and recover 
fi-om unexpected overloads. In a preferred embodiment, the startup sequencer 
325 is a digital circuit. 

The sensor simulator 330 is preferably used to substantially duplicate the 
performance characteristics of the sensor 205 in order to test the operation of the 

10 controller 206. In a preferred embodiment, the sensor simulator 330 is operabty 
coupled to the fi:ont-end circuit 310, the multiphase clock generator 320, and the 
startup sequencer 325. The sensor simulator 330 may be any nmnber of devices 
suitable for duplicating the performance characteristics of the sensor 205 such 
as, for example, operational amplifiers, capacitors, switches, resistors, or 

15 transistors. 

The overload detection device 335 preferably provides detection of hi^ 
level inputs and system 100 overloads. In a preferred embodiment, as illustrated 
in FIG. 3, the overload detection device 335 is operably coupled to the loop filter 
315 and the startup sequencer 325. As illustrated in FIG. 8, the input streams 

20 into the overload detection device 335 may include, for example, the output 

stream IMOD fi-om the loop filter 315, the external test stream XTST, and a test 
overload signal TESTOVL. The output stream OVL fi*om the overload detection 
device is preferably sent to the startup sequencer 325 when an overload in the 
sjrstem 100 has been detected. The overload detection device 335 may be any 

25 number of conventional commerdaUy available devices suitable for providing 
overload detection for the controller 206. In a preferred embodiment, the 
overload detection device 335 is a digital counter circuit. 

In a preferred embodiment, as illustrated in FIG. 2, the interface 207 
couples the sensor 205 to the controller 206. The interface 207 may be any 

SO number of conventional commercially available interfaces suitable for coupling 
the sensor 205 and the controller 206 such as, for example, fiber optics or 
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wireless telemetry. In a preferred embodiment, as illustrated in FIG. 4, the 
interface 207 includes electrical cables extending from the conductive plates 305, 
306, 307, and 308 positioned within the sensor 205. 

In a preferred embodiment, as illustrated in FIG. 9, the conductive plate 
5 306 is positioned within the sensor 205 on a top siuface of the measurement 
mass 309, substantially opposite the conductive plate 305. The conductive plates 
305 and 306 preferably interact to form a variable capacitor CI within the sensor 
205. In a preferred embodiment, conductive plate 307 is positioned within the 
sensor 205 on a bottom surface of the measurement mass 309, substantially 

10 opposite the conductive plate 308. The conductive plates 307 and 308 preferably 
interact to form a variable capacitor 02 within the sensor 205. 

Referring to FIGS. 4, 10, 11, 12, 13, 14, 15, 16, and 17, the operation of the 
measurement device 105 will now be described. In a preferred embodiment, the 
front^end circuit 310 interacts with the sensor 205 to place the sensor 205 in a 

15 variety of operating states. The different operating states into which the sensor 
205 is placed preferably include (1) a DUMMY FORCE DOWN STATE, (2) a 
DUMMY FORCE UP STATE, (3) a FIRST MODULATOR FORCE UP STATE, 
(4) a SECOND MODULATOR FORCE UP STATE, (5) a FIRST MODULATOR 
FORCE DOWN STATE, (6) a SECOND MODULATOR FORCE DOWN STATE, 

20 (7) a RETURN-TO-ZERO STATE, (8) a GRAVITY CANCELLATION STATE, 
(9) a VOLTAGE EQUALIZATION STATE, (10) a SENSING (CHARGE 
SUMMATION) STATE 1, and (11) a SENSING STATE 2. 

In a preferred embodiment, as illustrated in FIGS. 4, 10 and 17, the 
controUer 206 places the sensor 205 in the DUMMY FORCE DOWN STATE by 

25 appl3dng a negative reference voltage -V^f to conductive plates 305, 306 and 307 
and a positive reference voltage + V^f to conductive plate 308. The negative 
reference voltage -V^f is preferably applied to the conductive plates 305, 306, and 
307 by turning on switches phdl and phtc to connect the plates 305, 306, and 307 
to the negative reference voltage -V,^ source. The positive reference voltage 

30 + V^ is preferably appUed to conductive plate 308 by turning on switch phd2 to 
connect plate 308 to the positive reference voltage + V^ soiurce. 
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The positive reference voltage + on conductive plate 308 combined 
with the negative reference voltage -V„f on plate 307 on the measurement mass 
309 preferably results in an electrostatic attraction between the measxirement 
mass 309 and the conductive plate 308. The net effect of the attractive forces 
5 created within the sensor 205 is to apply an electrostatic force on the 

measurement mass 309. In a preferred embodiment, the electrostatic force 
applies a downward force to the measurement mass 309 during the DUMMY 
FORCE DOWN STATE. 

In a preferred embodiment, as illustrated in FIGS. 4, 11 and 17, the 

10 controller 206 places the sensor 205 in the DUMMY FORCE UP STATE by 

applying a positive reference voltage + to conductive plate 305 and a negative 
reference voltage -V,^ to conductive plates 306, 307, and 308. The positive 
reference voltage + is preferably applied to the conductive plate 305 by 
turning on switch phul to connect the plate 305 to the positive reference voltage 

15 + source. The negative reference voltage -V^ is preferably appUed to 
conductive plates 306, 307, and 308 by turning on switches phu2 and phbc to 
connect plates 306, 307, and 308 to the negative reference voltage -V^ sotu^ce. 

The positive reference voltage + on conductive plate 305 combined 
with the negative reference voltage -V^f on plate 306 on the measurement mass 

20 309 preferably results in an electrostatic attraction between the measiurement 
mass 309 and the conductive plate 305. The net effect of the attractive forces 
created within the sensor 205 is to apply an electrostatic force on the 
measurement mass 309. In a preferred embodiment, the electrostatic force 
applies an upward force to the measurement mass 309 during the DUMMY 

25 FORCE UP STATE. 

In a preferred embodiment, as illustrated in FIGS. 4, 12a, and 17, the 
controUer 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
STATE during the normal sigma-delta opo'ating mode by applying a positive 
reference voltage + to conductive plate 305 and a negative reference voltage - 

30 to conductive plates 306, 307, and 308. In a preferred embodiment, the 
controller 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
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STATE when the output stream IMOD from the loop filter 315 has a negative 
valua The positive reference voltage + is preferably applied to the conductive 
plate 305 by turning on switch phul to connect the plate 305 to the positive 
reference voltage + V^ef source. The negative reference voltage -V^ is preferably 
5 applied to conductive plates 306, 307, and 308 by turning on switches phu2 and 
phbc to connect plates 306, 307, and 308 to the negative reference voltage -V,^ 
source. 

The positive reference voltage + on conductive plate 305 combined 
with the negative reference voltage -V^ on plate 306 on the measurement mass 

10 309 preferably results in an electrostatic attraction between the measurement 
mass 309 and the conductive plate 305. The net effect of the attractive forces 
created within the sensor 205 is to apply an electrostatic force on the 
measiu-ement mass 309. In a preferred embodiment, the electrostatic force 
applies an upward force to the measurement mass 309 during the FIRST 

15 MODULATOR FORCE UP STATE. 

In another preferred embodiment, as illustrated in FIGS. 4, 12b, and 17, 
the controller 206 places the sensor 205 in the SECOND MODULATOR FORCE 
UP STATE during s}^tem 100 start-up by applying a voltage Vdda ^ conductive 
plate 305, applying a voltage Yssa ^ conductive plate 308, and applying the 

20 output Vsum from the reduced-order loop filter 315 to plates 306 and 307 on the 
measurement mass 309. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SECOND MODULATOR FORCE UP STATE when the 
output stream Vsiun from the reduced-order loop filter 315 has a value of less 
than zero volts. The voltage Yj^jy^ is preferably apphed to the conductive plate 

25 305 by turning on switch phsul to connect the plate 305 to the voltage Ydua 

source. The voltage Vga^ is preferably appUed to conductive plate 308 by tiuming 
on switch phsu2 to connect plate 308 to the voltage Vgg^ source. The voltage 
Vsum is preferably applied to plates 306 and 307 by turning on switch phloop to 
connect plates 306 and 307 to the output Vsum from the reduced-order loop filter 

30 315. 
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The voltage Yx)da conductive plate 305 combined with the voltage Vsum 
on the plate 306 on the measurement mass 309 preferably results in an 
electrostatic attraction between the measurement mass 309 and the conductive 
plate 305. The voltage Vgg^ on conductive plate 308 combined with the voltage 
5 Vsum on the plate 307 on the measurement mass 309 preferably restdts in an 
electrostatic attraction between the measurement mass 309 and the conductive 
plate 308. The net attractive forces may, for example, move the measwement 
mass 309 upwards or downwards. In a preferred embodiment, the net effect of 
the attractive forces created within the sensor 205 is to apply a net force upward 

10 on the measurement mass 309 during the SECOND MODULATOR FORCE UP 
STATE. The amount of upward force applied to the measurement mass 309 
preferably depends on the level of the voltage Vsum (<0 V). 

In a preferred embodiment, as illustrated in FIGS. 4, 12c and 17, the 
controUer 206 places the sensor 205 in the FIRST MODULATOR FORCE 

15 DOWN STATE during normal sigma-delta operating mode by applying a 
negative reference voltage -V„f to conductive plate 305, 306 and 307 and a 
positive reference voltage + to conductive plate 308. In a preferred 
embodiment, the controller 206 places the sensor 205 in the FIRST 
MODULATOR FORCE DOWN STATE when the output stream IMOD from the 

20 loop filter 315 has a positive valua The negative reference voltage -V^ is 
preferably applied to the conductive plates 305, 306, and 307 by turning on 
switches phdl and phtc to connect the plates 305, 306, and 307 to the negative 
reference voltage -V^f source. The positive reference voltage + is preferably 
apphed to conductive plate 308 by turning on switch phd2 to connect plate 308 to 

25 the positive reference voltage soiurce. 

The positive reference voltage + Vj^f on conductive plate 308 combined 
with the negative reference voltage -V„f on plate 307 on the measiurement mass 
309 preferably results in an electrostatic attraction between the meastu*ement 
mass 309 and the conductive plate 308. The net effect of the attractive forces 

30 created within the sensor 205 is to apply an electrostatic force on the 

measurement mass 309. In a preferred embodiment, the electrostatic force 
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applies a downward force to the measurement mass 309 during the FIRST 
MODULATOR FORCE DOWN STATE. 

In aaother preferred embodiment, as illustrated in FIGS. 4, 12d, and 17, 
the controUer 206 places the sensor 205 in the SECOND MODULATOR FORCE 
5 DOWN STATE dining system 100 start-up by applying a voltage Vdda ^ 
conductive plate 305, applying a voltage to conductive plate 308, and 
applying the output Vsum from the loop filter 315 to plates 306 and 307 on the 
measurement mass 309. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SECOND MODULATOR FORCE DOWN STATE when the 

10 output stream Vsum from the reduced-order loop filter 315 has a value of greater 
than zero volts. The voltage Vdd^ is preferably applied to the conductive plate 
305 by turning on switch phsul to connect the plate 305 to the voltage V^d^ 
source. The voltage Ysax ^ preferably applied to conductive plate 308 by turning 
on switch phsu2 to connect plate 308 to the voltage VggA soiurce. The voltage 

15 Vsum is preferably applied to plates 306 and 307 by turning on switch phloop to 
connect plates 306 and 307 to the output Vsum of the reduced-order loop filter 
315. 

The voltage Vd^a conductive plate 305 combined with the voltage Vgu^ 
on plate 306 on the measurement mass 309 preferably restdts in an electrostatic 

20 attraction between the measurement mass 309 and the conductive plate 305. 

The voltage Vga^on conductive plate 308 combined with the voltage Ysum plate 
307 on the measurement mass 309 preferably restdts in an electrostatic 
attraction between the measurement mass 309 and the conductive plate 308. 
The net attractive forces may, for example, move the measurement mass 309 

25 upwards or downwards. In a preferred embodiment, the net effect of the 

attractive forces created within the sensor 205 is to apply a net force downward 
on the measurement mass 309 during the SECOND MODULATOR FORCE 
DOWN STATE. The amount of downward force applied to the measmrement 
mass 309 preferably depends on the level of the voltage Vsimi (>0 V). 

30 In a preferred embodiment, as illustrated in FIGS. 4, 13, and 17, the 

controUer 206 places the sensor 205 in a RETURN-TO-ZERO STATE by 
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grounding the conductive plates 305, 306, 307, and 308 to reduce signal 
dependent current draw from reference souirces* In a preferred embodiment, the 
conductive plate 305 is groimded by turning on switch phgl to connect the 
conductive plate 305 to a grounding source. In a preferred embodiment, 
5 conductive plates 306 and 307 are grounded by turning on switch phsg to connect 
the conductive plates 306 and 307 to a grounding source. In a preferred 
embodiment, the conductive plate 308 is grounded by turning on switch phg2 to 
connect the conductive plate 308 to a groxmding source. In this configuration, 
the charges across capacitors CI and C2 are preferably equal to zero. In a 

10 preferred embodiment, no net electrostatic force is applied to the meastirement 
mass 309 in the RETURN-TO-ZERO STATE. 

In a preferred embodiment, as illustrated in FIGS. 4, 14, and 17, the 
controUer 206 places the sensor 205 in the GRAVITY CANCELLATION STATE 
by applying a positive reference voltage + to plate 305, applying a negative 

15 reference voltage -V^ to plate 308, and applying a voltage or on plates 
306 and 307. The positive reference voltage + V^f is preferably applied to plate 
305 by turning on switch phul to connect the conductive plate 305 to the positive 
reference voltage + source. The negative reference voltage -V^ is preferably 
applied to the conductive plate 308 by turning on switch phu2 to connect the 

20 conductive plate 308 to the negative reference voltage -V^ source. The voltage 
Vjac is preferably applied to the conductive plates 306 and 307 by tinning on 
switch phf to connect the conductive plates 306 and 307 to a voltage soiu*ce. 
The voltage V^p^ is preferably applied to the conductive plates 306 and 307 by 
turning on switch phloop to connect the conductive plates 306 and 307 to a 

25 voltage V^^^ soxurce. 

The positive reference voltage + V,^ on conductive plate 305 combined 
with the voltage or on the conductive plates 306 and 307 preferably 
results in an electrostatic attraction between the measturement mass 309 and the 
conductive plate 305. The negative reference voltage -V^ on the conductive plate 

30 308 combined with the voltage or on the conductive plates 306 and 307 
preferably results in an electrostatic attraction between the measurement mass 
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309 and the conductive plate 308. The net effect of the attractive forces created 
within the sensor 205 is to apply an electrostatic force on the measurement mass 
309. The electrostatic force created by the attractive forces may, for example, 
move the measiurement mass 309 upwards or downwards. In a preferred 
5 embodiment, the electrostatic force on the measiurement mass 309 diiring the 
GRAVITY CANCELLATION STATE substantiaUy cancels a 1-g static field 
experienced by the sensor 205. 

In a preferred embodiment, as illustrated in FIGrS. 4, 15, and 17, the 
controUer 206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE 

10 by appljdng a positive reference voltage + to the plate 305, appljdng a 

negative reference voltage -V^f to the plate 308, and by sequentially groimding 
the plates 306 and 307 to dissipate charges on the plates 306 and 307 and then 
connecting the plates 306 and 307 to the sense amplifier 405. The sense 
amplifier 405 input offset voltage is preferably stored for subsequent 

15 cancellation. The positive reference voltage + is preferably appUed to the 
plate 305 by turning on switch phul to connect the conductive plate 305 to the 
positive reference voltage + source. The negative reference voltage -V^ is 
preferably applied to the conductive plate 308 by turning on switch phu2 to 
coimect the conductive plate 308 to the negative reference voltage -V^ som^ce. 

20 In a preferred embodiment, the conductive plates 306 and 307 are grounded by 
turning on switch phsg to connect the conductive plates 306 and 307 to a 
groimding source. In a preferred embodiment, the voltage equal to the ofTset of 
the sense amplifier is applied to the plates 306 and 307 by turning on switch phs 
to connect the conductive plates 306 and 307 to the sense amplifier 405. 

25 In a preferred embodiment, the conductive plates 306 and 307 are initially 

groimded while the positive reference voltage + is apphed to plate 305 and 
the negative reference voltage -V^ is appUed to the conductive plate 308. In a 
preferred embodiment, no electrostatic forces are applied to the sensor 205 and 
the charges across capacitors CI and C2 are preferably substantially equal. 

30 Next, the voltage equal to the ofTset of the sense amplifier 405 is appUed to 

the plates 306 and 307 while the positive reference voltage + V^f is applied to 
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plate 305 and the negative reference voltage -V^^ is applied to the conductive 
plate 308. In this configuration, electrostatic forces are preferably applied to the 
sensor 205. The electrostatic forces alter the charges across capacitors CI and 
C2. The magnitude of the variation in charges across capacitors CI and C2 
5 depends on the magnitude of the offset voltage of the sense amplifier 405. 

In a preferred embodiment, as illustrated in FIGS. 4, 16a, and 17, the 
controUer 206 places the sensor 205 in the SENSING STATE 1 (CHARGE 
SUMMATION STATE) by applying the negative reference voltage -V^f to the 
conductive plate 305, applying the positive reference voltage + V„f to the 

10 conductive plate 308, and connectmg the sense amplifier 405 to the conductive 
plates 306 and 307. In a preferred embodiment, the controller 206 places the 
sensor 205 in the SENSING STATE 1 foUowing the VOLTAGE 
EQUALIZATION STATE. During the SENSING STATE 1, the charge 
differential on capacitors CI and C2 is measured to determine the position of the 

15 measurement mass 309 within the sensor 205. In a preferred embodiment, the 
negative ref(^ence voltage -V^ is applied to plate 305, the positive reference 
voltage +Vj^is applied to plate 308, and the plates 306 and 307 are connected to 
the sense amplifier 405. The negative reference voltage -V^f is preferably appUed 
to the plate 305 by turning on switch phdl to connect the plate 305 to the 

20 negative reference voltage -V^^ source. The positive reference voltage + V„f is 
preferably applied to the plate 308 by turning on switch phd2 to connect the 
plate 308 to the positive reference voltage + V^f soiu'ce. The plates 306 and 307 
are preferably connected to the sense amplifier by turning on switch phs to 
connect the plates 306 and 307 to the inverting terminal of the sense amplifier 



In a preferred embodiment, as illustrated in FIGS. 4, 16b, and 17, the 
controller 206 places the sensor 205 in the SENSING STATE 2 by grounding 
plates 305 and 308 while connecting plates 306 and 307 to inverting terminal of 
the sense amplifier 405. The controller 206 preferably grounds plate 305 by 
30 turning on switch phgl to connect the plate 305 to the groxmding source. The 
controller 206 preferably grounds plate 308 by turning on switch phg2 to connect 



25 



405. 
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the plate 308 to the groimding source. The controller 206 preferably connects 
plates 306 and 307 to the sense amplifier 405 by turning on switch phs. 

The DUMMY FORCE DOWN STATE, the DUMMY FORCE UP STATE, 
the FIRST MODULATOR FORCE UP STATE, the SECOND MODULATOR 
5 FORCE UP STATE, the FIRST MODULATOR FORCE DOWN STATE, the 
SECOND MODULATOR FORCE DOWN STATE, the RETURN-TO-ZERO 
STATE, the GRAVITY CANCELLATION STATE, the VOLTAGE 
EQUALIZATION STATE, the SENSING STATE 1 and the SENSING STATE 2 
may be used in any combination to create any number of operating modes for the 

10 sensor 205. Each operating mode is preferably implemented by setting up a 
forcing pattern during sixteen dock periods of a 2 MHZ dock. In a preferred 
embodiment, the sixteen dock periods of the 2 MHZ clock are broken down into 
thirty-two half-periods. In a preferred embodiment, the forcing pattern is 
repeated periodically at 128 kHz. In a preferred embodiment, the sensor 205 

15 experiences four types of operating modes under the control of the controller 
206: a measurement mass 309 setup operating mode (OPERATING MODE 1), a 
gravity cancellation operating mode (OPERATING MODE 2), a stray capadtance 
calibration operating mode (OPERATING MODE 3), and a sigma-delta operating 
mode (OPERATING MODE 4). The gravity cancellation mode (OPERATING 

20 MODE 2) and the stray capadtance calibration mode (OPERATING MODE 3) 
preferably work together to cancel the effects of gravity and stray capadtances 
on the sensor 205* 

Referring to FIGS. 18, 19a, 19b, and 19c, the OPERATING MODE 1 wiU 
now be described. During the OPERATING MODE 1, the controller 206 

25 preferably pulls the measurement mass 309 off stops within the sensor 205 and 
positions the measurement mass 309 so that capadtors CI and C2 are 
substantially equal. The controller 206 may utilize any of the eleven generic 
operating states described above, and variations thereof, to create the 
OPERATING MODE 1. In a preferred embodiment, as illustrated in FIGS. 18, 

30 19a, 19b, and 19c, the controller 206 places the sensor 205 in the MODULATOR 
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FORCING STATE, the VOLTAGE EQUALIZATION STATE, and the SENSING 
STATE during the OPERATING MODE 1. 

In a preferred embodiment, as iUustrated in FIG. 19a, the controller 206 
initially interacts vdth the sensor 205 to place the sensor 205 in one of the 
5 modulator forcing states. In this configuration, the system 100 is preferably 
operating in start-up mode, and the loop fQter 315 is opiating in reduced-order 
mode. Therefore, the controller 206 preferably places the sensor 205 in either the 
SECOND MODULATOR FORCE UP STATE or the SECOND MODULATOR 
FORCE DOWN STATE, depending on the value of the output Vsum of the 

10 reduced-order loop filter 315. The controUer 206 may place the sensor 205 in the 
SECOND MODULATOR FORCE UP STATE or the SECOND MODULATOR 
FORCE DOWN STATE for any number of the sixteen clock periods within the 
operating cycle. In a preferred embodiment, the controller 206 places the sensor 
205 in the SECOND MODULATOR FORCE UP STATE or the SECOND 

15 MODULATOR FORCE DOWN STATE for clock periods 1 through 14 of the 
OPERATING MODE 1. 

Next, as illustrated in FIG. 19b, the controller 206 preferably places the 
sensor 205 in the VOLTAGE EQUALIZATION STATE. The controller 206 may 
place the sensor 205 in the VOLTAGE EQUALIZATION STATE for any number 

20 of the sixteen clock periods within the operating cycle. In a preferred 

embodiment, the controller 206 places the sensor 205 in the voltage equalization 
state during dock period 15 of the OPERATING MODE 1. 

Finally, as illustrated in FIG. 19c, the controller 206 preferably completes 
the OPERATING MODE 1 by placing the sensor 205 in the SENSING STATE 2. 

25 The controller 206 may place the sensor 205 in the SENSING STATE 2 for any 
number of the sixteen dock periods within the operating cyde. In a preferred 
embodiment, the controller 206 places the sensor 205 in the SENSING STATE 2 
during clock period 16 of the OPERATING MODE 1. 

Referring to FIGS. 20, 21a, 21b, 21c, and 21d, the OPERATING MODE 2 

30 will now be described. During the OPERATING MODE 2, the controller 206 
preferably cancels the effects of gravitational forces on the sensor 205 and 
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calibrates the voltage applied to plates 306 and 307 during normal s^ma- 
delta mode so that the operating range of the sensor 205 is approximately +/- 
O.lg. Also, dming the OPERATING MODE 2, the voltage Vsmn is digitized for 
use during the stray capacitance calibration of the OPERATING MODE 3. The 
5 controller 206 may utilize any of the eleven generic operating states, or 
variations thereof, to create the OPERATING MODE 2. In a preferred 
embodiment, as illustrated in FIGS. 20, 21a, 21b, 21c, and 21d, the controller 206 
places the sensor 205 in the RETURN-TO-ZERO STATE, the GRAVITY 
CANCELLATION STATE, the VOLTAGE EQUALIZATION STATE, and the 

10 SENSING STATE 1 during the OPERATING MODE 2. 

In a preferred embodiment, as illustrated in FIGS 20 and 21a, the 
controller 206 begins the OPERATING MODE 2 by placing the sensor 205 in the 
RETURN-TO-ZERO STATE to remove any charges from the conductive plates 
305, 306, 307, and 308. The controller 206 may place the sensor 205 in the 

15 RETURN-TO-ZERO STATE for any number of the siscteen dock periods within 
the OPERATING MODE 2. In a preferred embodiment, the controller 206 
places the sensor 205 in the RETURN-TO-ZERO STATE for clock periods 1 
through 4 of the OPERATING MODE 2. 

Next, as illustrated in FIGS. 20 and 21b, the controller 206 preferably 

20 places the sensor 205 in the GRAVITY CANCELLATION STATE to cancel the 
effects of the 1-g static field from within the sensor 205. The controller 206 may 
place the sensor 205 in the GRAVITY CANCELLATION STATE for any number 
of the sixteen clock periods within the OPERATING MODE 2. In a preferred 
embodiment, the controll^ 206 places the sensor 205 in the GRAVITY 

25 CANCELLATION STATE for the dock periods 5 through 12 of the 
OPERATING MODE 2. 

Next, as illustrated in FIGS. 20 and 21c, the controller 206 preferably 
places the sensor 205 in the VOLTAGE EQUALIZATION STATE to equalize the 
voltage across capadtors CI and C2 within the sensor 205. The controller 206 

30 may place the sensor 205 in the VOLTAGE EQUALIZATION STATE for any 
number of the sixteen clock periods within the OPERATING MODE 2. In a 
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preferred embodiment, the controller 206 places the sensor 205 in the VOLTAGE 
EQUALIZATION STATE for clock periods 13 and 14 of the OPERATING 
MODE 2. 

Finally, as illustrated in FIGS. 20 and 21d, the controller 206 preferably 
5 places the sensor 205 in the SENSING STATE 1. The controller 206 may place 
the sensor 205 in the SENSING STATE 1 for any number of the sixteen clock 
periods within the OPERATING MODE 2. In a preferred embodiment, the 
controller 206 places the sensor 205 in the SENSING STATE 1 for clock periods 
15 and 16 of the OPERATING MODE 2. 

10 Referring to FIGS. 22, 23a, 23b, 24, 25a, 25b, 25c, 25d, and 25e, the 

OPERATING MODE 3 will now be described. In a preferred embodiment, the 
controller 206 cancels the effects of stray capacitances within the sensor 205 
during the OPERATING MODE 3. In a preferred embodiment, the controller 
206 utilizes the digitized voltage Vsum from the OPERATING MODE 2 during 

15 the stray capacitance calibration of the OPERATING MODE 3. In a preferred 
embodiment, the stray capacitance calibration is performed substantially as 
described in United States patent application serial niimber 09/268,072, attorney 
docket number 466020.12-IOS12, ffled on 3/12/1999, the disclosure of which is 
incorporated herein by reference. 

20 During the coiu*se of operation of the sensor 205, the performance of the 

sensor 205 may be affected, for example, by external factors known as stray 
capacitances. Stray capacitances may be caused by any niunber of som-ces, but 
two mechanisms lypically responsible for the stray capacitances are process 
variations within or internal to the sensor 205 and the sensor 205 psickage, and 

25 external effects related to socketing PC board layout. As illustrated in FIG. 22, 
the external stray capacitances are lumped together and denoted as Clse and 
C2se, and the internal stray capacitances are lumped together and denoted as 
Glsi and C2si. 

In a preferred embodiment, as illustrated in FIG. 23a, the measurement 
30 mass 309 is centered approximately at the mechanical center x=0 of the sensor 
205 under normal operating conditions. Normal operating conditions occur 
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when stray capacitances Clsi, Clse, C2si, C2se are not present within the sensor 
205, or when ihe stray capacitances Clsi and C2se are approximately equally 
matched with stray capacitances C2si and G2se, canceling each other out. 
However, as illustrated in FIG 23b, a mismatch in the stray capacitances Clsi, 
5 Clse across plate 305 and the stray capacitances C2sl, C2se across plate 308 may 
result in an offeet in the position z of the measurement mass 309 away from the 
mechanical center x=0 of the sensor 205. An of&et of the measurement mass 
309 away from the mechanical center x=0 of the sensor 205 results in a 
degradation of sensor 205 performance. 

10 During the OPERATING MODE 3, the controller 206 preferably utihzes 

the effects of the OPERATING MODE 2 to calibrate the voltage Vdac for 1-g 
canceUation and to cancel the effects of stray capacitances within the sensor 205. 
The controller 206 may utilize any of the eleven generic operating states 
described above, or variations thereof, to create the OPERATING MODE 3. In a 

15 preferred embodiment, the controller 206 places the sensor 205 in the DUMMY 
FORCE DOWN STATE, the DUMMY FORCE UP STATE, the GRAVITY 
CANCELLATION STATE, the VOLTAGE EQUALIZATION STATE, and the 
SENSING STATE 1 during the OPERATING MODE 3. 

In a preferred embodiment, as illustrated in FIGS 24 and 25a, the 

20 controller 206 begins the OPERATING MODE 3 by placing the sensor 205 in the 
DUMMY FORCE DOWN STATE to force the measurement mass 309 down away 
from plate 305 towards plate 308. The controller 206 may place the sensor 205 
in the DUMMY FORCE DOWN STATE for any number of the sixteen dock 
periods within the OPERATING MODE 3. In a preferred embodiment, the 

25 controller 206 places the sensor 205 in the DUMMY FORCE DOWN STATE for 
dock periods 1 and 2 of the OPERATING MODE 3. 

Next, as illustrated in FIGS. 24 and 25b, the controller 206 preferably 
places the sensor 205 in the DUMMY FORCE UP STATE to force the 
measurement mass 309 up away from plate 308 and towards plate 305. The 

30 controller 206 may place the sensor 205 in the DUMMY FORCE UP STATE for 
any number of the sixteen dock periods within the OPERATING MODE 3. In a 
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preferred embodiment, the controller 206 places the sensor 205 in the DUMMY 
FORCE UP STATE for dock periods 3 and 4 of the OPERATING MODE 3. 

Next, as illustrated in FIGS. 24 and 25c, the controller 206 preferably 
places the sensor 206 in the GRAVITY CANCELLATION STATE. The 
5 controller 206 may place the sensor 205 in the GRAVITY CANCELLATION 
STATE for any number of the sixteen dock periods within the OPERATING 
MODE 3. In a preferred embodiment, the controller 206 places the sensor 205 in 
the GRAVITY CANCELLATION STATE for dock periods 5 through 12 of the 
OPERATING MODE 3. 

10 Next, as illustrated in FIGS. 24 and 25d, the controller 206 preferably 

places the sensor 205 in the VOLTAGE EQUALIZATION STATE. The 
controUer 206 may place the sensor 205 in the VOLTAGE EQUALIZATION 
STATE for any number of the sixteen dock periods within the OPERATING 
MODE 3. In a preferred embodiment, the controller 206 places the sensor 205 in 

15 the VOLTAGE EQUALIZATION STATE for clock periods 13 and 14 of the 
OPERATING MODE 3. 

Finally, as illustrated in FIGS. 24 and 25e, the controller 206 preferabfy 
completes the OPERATING MODE 3 by placing the sensor 205 in the SENSING 
STATE 1 to measure the differential charge on capadtors CI and C2. During the 

20 SENSING STATE 1, the controller 206 preferably analyzes the differential 
charges to determine the position of the measurement mass 309 within the 
sensor 205. The differential charges across capadtors CI and C2 may, for 
example, be equal or unequal. The controller 206 may place the sensor 205 in 
the SENSING STATE 1 for any number of the sixteen dock periods within the 

25 OPERATING MODE 3. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SENSING STATE 1 for dock periods 15 and 16 of the 
OPERATING MODE 3. 

Referring to FIGS. 26, 27, 28, 29, 30, 31, 32, and 33, the OPERATING 
MODE 4 will now be described. During the OPERATING MODE 4, the sensor 

30 205 preferably operates in a sigma-delta operating mode. The controller 206 may 
alter the arrangement of the eleven generic operating states desmbed above, or 
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variations thereof, to create any number of di£ferent sigma-delta operating 
modes. In a preferred embodiment, the controUer 206 utilizes ei^t different 
configurations to create sub-modes of the OPERATING MODE 4, including: (1) a 
long forcing mode with dummy forces in OPERATING MODE 4.1, (2) a long 
5 forcing mode with dummy forces and test bit interleaving in OPERATING 

MODE 4.2, (3) a short fordngmode with dummy forces in OPERATING MODE 

4.3, (4) a long forcing mode with retum-to-zero forces in OPERATING MODE 

4.4, (5) a long forcing mode with retum-to-zero forces and test bit interleaving in 
OPERATING MODE 4.5, (6) a short forcing mode with retum-to-zero forces in 

10 OPERATING MODE 4.6, (7) a short forcing mode with retum-to-zero forces and 
test bit interleaving in OPERATING MODE 4.7, and (8) a very long forcing mode 
with retum-to-zero forces in OPERATING MODE 4.8. 

In a preferred embodiment, as illustrated in FIG. 26, the controller 206 
utilizes a long forcing mode with dummy forces during the OPERATING MODE 

15 4.1. The controller 206 may utilize any number of the eleven generic operating 
states described above, or variations thereof, to create the OPERATING MODE 
4.1. In a preferred embodiment, the controller 206 utilizes the DUMMY FORCE 
DOWN STATE, the FIRST MODULATOR FORCE UP STATE or the FIRST 
MODULATOR FORCE DOWN STATE, the DUMMY FORCE UP STATE, the 

20 GRAVITY CANCELLATION STATE, the VOLTAGE EQUALIZATION STATE, 
and the SENSING STATE 1 to create the OPERATING MODE 4.1. 

In a preferred embodiment, the controller 206 begins the OPERATING 
MODE 4.1 by placing the sensor 205 in the DUMMY FORCE DOWN STATE to 
force the measurement mass 309 down away from plate 305 towards plate 308. 

25 The controller 206 may place the sensor 205 in the DUMMY FORCE DOWN 
STATE for any number of the sixteen dock periods within the OPERATING 
MODE 4.1. In a preferred embodiment, in the OPERATING MODE 4.1, the 
controller 206 places the sensor 205 in the DUMMY FORCE DOWN STATE for 
dock period 1 of the OPERATING MODE 4.1. 

30 Next, the controller 206 preferably places the sensor 205 in the FIRST 

MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
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STATE to force the measurement mass 309 as a function of the position of the 
measurement mass 309 within the sensor 205. The controller 206 may place Hie 
sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 
MODULATOR FORCE DOWN STATE for any number of the sixteen dock 
5 periods within the OPERATING MODE 4.1. In a preferred embodiment, in the 
OPERATING MODE 4.1, the controller 206 places the sensor 205 in the FIRST 
MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE for dock periods 2 and 3 of the OPERATING MODE 4.1. 

Next, the controller 206 preferably places the sensor 205 in the DUMMY 

10 FORCE UP STATE to force the measurement mass 309 up away from plate 308 
towards plate 305. The controller 206 may place the sensor.205 in the DUMMY 
FORCE UP STATE for any number of the sixteen dock periods within the 
OPERATING MODE 4.1. In a preferred embodiment, the controller 206 places 
the sensor 205 in the DUMMY FORCE UP STATE for clock period 4 of the 

15 OPERATING MODE 4.1. 

Next, the controller 206 preferably places the sensor 205 in the GRAVITY 
CANCELLATION STATE. The controller 206 may place the sensor 205 in the 
GRAVITY CANCELLATION STATE for any number of the sixteen dock periods 
within the OPERATING MODE 4.1. In a preferred embodiment, the controller 

20 206 places the sensor 205 in the GRAVITY CANCELLATION STATE for dock 
periods 5 through 12 of the OPERATING MODE 4.1. 

Next, the controller 206 preferably places the sensor 205 in the VOLTAGE 
EQUALIZATION STATE. The controller 206 may place the sensor 205 in the 
VOLTAGE EQUALIZATION STATE for any number of the sixteen clock periods 

25 within the OPERATING MODE 4.1. In a preferred embodiment, the controller 
206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for clock 
periods 13 and 14 of the OPERATING MODE 4.1. 

Finally, the controller 206 preferably places the sensor 205 in the 
SENSING STATE 1. The controller 206 may place the sensor 205 in the 

30 SENSING STATE 1 for any number of the sixteen dock periods within the 

OPERATING MODE 4.1. In a preferred embodiment, the controller 206 places 
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the sensor 205 in the SENSING STATE 1 for clock periods 15 and 16 of the 
OPERATING MODE 4.1. 

In another preferred embodiment, as illustrated in FIG. 27, the controller 
206 utilizes a long forcing mode vdth dummy forces and test interleaving during 
5 the OPERATING MODE 4.2. The controller 206 may utilize any number of the 
eleven generic operating states described above, or variations thereof, to create 
the OPERATING MODE 4.2. In a preferred embodiment, the controller 206 
utilizes the DUMMY FORCE DOWN STATE, the FIRST MODULATOR FORCE 
UP STATE or the FIRST MODULATOR FORCE DOWN STATE, a test force 

10 state, the DUMMY FORCE UP STATE, the GRAVITY CANCELLATION 

STATE, the VOLTAGE EQUALIZATION STATE, and the SENSING STATE 1 
to create the OPERATING MODE 4.2. 

In a preferred embodiment, the controller 206 begins the OPERATING 
MODE 4.2 by placing the sensor 205 in the DUMMY FORCE DOWN STATE to 

15 force the measurement mass 309 down away from plate 305 towards plate 308. 
The controller 206 may place the sensor 205 in the DUMMY FORCE DOWN 
STATE for any number of the sixteen clock periods vdthin the OPERATING 
MODE 4.2. In a preferred embodiment, the controller 206 places the sensor 205 
in the DUMMY FORCE DOWN STATE for clock period 1 of the OPERATING 

20 MODE 4.2. 

Next, the controller 206 preferably places the sensor 205 in the FIRST 
MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE to force the measurement mass 309 as a function of the position of the 
measurement mass 309 within the sensor 205. The controller 206 may place the 

25 sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 
MODULATOR FORCE DOWN STATE for any number of the sixteen clock 
periods within the OPERATING MODE 4.2. In a preferred embodiment, the 
controller 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE for clock period 2 

30 of the OPERATING MODE 4.2. 
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Next, the controller 206 preferably places the sensor 205 in a test forcing 
state. The controller 206 preferably creates the test state by interleaving a test 
bit input into the data stream in place of the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE, depending on the 
5 value of the output stream IMOD from the loop filter 315. In a preferred 
embodiment, the controller 206 interleaves the test bit stream substantially as 
described in United States Patent No. 6,023,960, the disclosure of which is 
incorporated herein by reference. The controller 206 may place the sensor 205 in 
the test forcing state for any number of the sixteen dock periods within the 
10 OPERATING MODE 4.2. In a preferred embodiment, the controller 206 places 
the sensor 205 in the test forcing state for dock period 3 of the OPERATING 
MODE 4.2. 

Next, the controller 206 preferably places the sensor 205 in the DUMMY 
FORCE UP STATE to force the measurement mass 309 up away from plate 308 

15 towards plate 305. The controller 206 may place the sensor 205 in the DUMMY 
FORCE UP STATE for any number of the sixteen clock periods within the 
OPERATING MODE 4.2. In a preferred embodiment, the controller 206 places 
the sensor 205 in the DUMMY FORCE UP STATE for clock period 4 of the 
OPERATING MODE 4.2. 

20 Next, the controller 206 preferably places the sensor 205 in the GRAVITY 

CANCELLATION STATE. The controller 206 may place the sensor 205 in the 
GRAVITY CANCELLATION STATE for any number of the sixteen clock periods 
within the OPERATING MODE 4.2. In a preferred embodiment, the controller 
206 places the sensor 206 in the GRAVITY CANCELLATION STATE for dock 

25 periods 5 through 12 of the OPERATING MODE 4.2. 

Next, the controller preferably places the sensor 205 in the VOLTAGE 
EQUALIZATION STATE. The controller 206 may place the sensor 205 in the 
VOLTAGE EQUALIZATION STATE for any number of the sixteen dock periods 
within the OPERATING MODE 4.2. In a preferred embodiment, the controller 

30 206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for dock 
periods 13 and 14 of the OPERATING MODE 4.2. 



wo 00/55593 



PCrAJSOO/40038 



Finally, the controller 206 preferably places the sensor 205 in the 
SENSING STATE 1. The controller 206 may place the sensor 205 in the 
SENSING STATE 1 for any number of the sixteen dock periods within the 
OPERATING MODE 4.2. In a preferred embodiment, the controller 206 places 
5 the sensor 205 in the SENSING STATE 1 for clock periods 15 and 16 of the 
OPERATING MODE 4.2. 

In another pr^erred embodiment, as iUustrated in FIG. 28, the controller 
206 utilizes a short forcing mode with dummy forces during the OPERATING 
MODE 4.3. The controller 206 may utilize any number of the eleven generic 

10 operating states described above, or variations thereof, to create the 

OPERATING MODE 4.3. In a preferred embodiment, the controller 206 utilizes 
the DUMMY FORCE DOWN STATE, the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE, the DUMMY 
FORCE UP STATE, the GRAVITY CANCELLATION STATE, the VOLTAGE 

15 EQUALIZATION STATE, and the SENSING STATE 1 to create the 
OPERATING MODE 4.3. 

In a preferred embodiment, the controll^ 206 begins the OPERATING 
MODE 4.3 by placing the sensor 205 in the DUMMY FORCE DOWN STATE to 
force the measurement mass 309 down away from plate 305 towards plate 308. 

20 The controUer 206 may place the sensor 205 in the DUMMY FORCE DOWN 
STATE for any number of the sixteen dock periods within the OPERATING 
MODE 4.3. In a preferred embodiment, the controller 206 places the sensor 205 
in the DUMMY FORCE DOWN STATE for dock period 1 and the first half of 
dock period 2 of the OPERATING MODE 4.3. 

25 Next, the controller 206 preferably places the sensor 205 in the FIRST 

MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE to force the measurement mass 309 as a function of the position of the 
measurement mass 309 within the sensor 205. The controller 206 may place the 
sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 

30 MODULATOR FORCE DOWN STATE for any number of the sixteen dock 
periods within the OPERATING MODE 4.3. In a preferred embodiment, the 



wo 00/55593 



PCT/USOO/40038 



controUer 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE for the second half 
of dock period 2 and the first half of clock period 3 within the OPERATING 
MODE 4.3. 

5 Next, the controller 206 preferably places the sensor 205 in the DUMMY 

FORCE UP STATE to force the measurement mass 309 up away from plate 308 
towards plate 305. The controller 206 may place the sensor 205 in the DUMMY 
FORCE UP STATE for any number of the sixteen dock periods within tiie 
OPERATING MODE 4.3. In a preferred embodiment, the controller 206 places 

10 the sensor 205 in the DUMMY FORCE UP STATE for the second half of clock 
period 3 and clock period 4 of the OPERATING MODE 4.3. 

Next, the controller 206 preferably places the sensor 205 in the GRAVITY 
CANCELLATION STATE. The controller 206 may place the sensor 205 in the 
GRAVITY CANCELLATION STATE for any number of the sixteen dock periods 

15 within the OPERATING MODE 4.3. In a preferred embodiment, the controller 
206 places the sensor 205 in the GRAVITY CANCELLATION STATE for dock 
periods 5 through 12 of tiie OPERATING MODE 4.3. 

Next, the controller 206 preferably places the sensor 205 in tiie VOLTAGE 
EQUALIZATION STATE. The controller 206 may place the sensor 205 in the 

20 VOLTAGE EQUALIZATION STATE for any number of the sixteen dock periods 
within the OPERATING MODE 4.3. In a preferred embodiment, the controller 
206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for dock 
periods 13 and 14 of the OPERATING MODE 4.3. 

Finally, the controller 206 preferably places the sensor 205 in the 

25 SENSING STATE 1. The controller 206 may place the sensor 205 in the 
SENSING STATE 1 for any number of the sixteen dock periods within the 
OPERATING MODE 4.3. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SENSING STATE 1 for clock periods 15 and 16 of the 
OPERATING MODE 4.3. 

30 In another preferred embodiment, as illustrated in FIG. 29, the controUer 

206 utilizes a long forcing mode with retum-to-zero forces during the 
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OPERATING MODE 4.4. The controller 206 may utilize any number of the 
eleven generic operating states described above, or variations thereof, to create 
the OPERATING MODE 4.4. In a preferred embodiment, the controller 206 
utilizes the RETURN-TO-ZERO STATE, the FIRST MODULATOR FORCE UP 
5 STATE or the FIRST MODULATOR FORCE DOWN STATE, the GRAVITY 
CANCELLATION STATE, the VOLTAGE EQUALIZATION STATE, and the 
SENSING STATE 1 to create the OPERATING MODE 4.4. 

In a preferred embodunent, the controller 206 begins the OPERATING 
MODE 4.4 by placing the sensor 205 m the RETURN-TO-ZERO STATE to 

10 remove charges from the conductive plates 305, 306, 307, and 308. The 

controller 206 may place the sensor 205 in the RETURN-TO-ZERO STATE for 
any number of the sixteen dock periods vdthin the OPERATING MODE 4.4. In 
a preferred embodiment, the controller 206 places the sensor 205 in the 
RETURN-TO-ZERO STATE for dock periods 1 and 4 of the OPERATING 

15 MODE 4.4. 

Next, the controller 206 preferably places the sensor 205 in the FIRST 
MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE to force the measurement mass 309 as a function of the position of the 
measurement mass 309 within the sensor 205. The controller 206 may place the 

20 sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 
MODULATOR FORCE DOWN STATE for any nxunber of the sixteen dock 
periods vdthm the OPERATING MODE 4.4. In a preferred embodiment, the 
controller 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE for dock periods 2 

25 and 3 of the OPERATING MODE 4.4. 

Next, the controller 206 preferably places the sensor 205 in tbe GRAVITY 
CANCELLATION STATE. The controller 206 may place the sensor 205 m the 
GRAVITY CANCELLATION STATE for any number of the sixteen clock periods 
within the OPERATING MODE 4.4. In a preferred embodiment, the controller 

30 206 places the sensor 205 in the GRAVITY CANCELLATION STATE for clock 
periods 5 through 12 of the OPERATING MODE 4.4. 
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Next, the controller 206 pr^erably places the sensor 205 in the VOLTAGE 
EQUALIZATION STATE. The controller 206 may place the sensor 205 in the 
VOLTAGE EQUALIZATION STATE for any number of the sixteen clock periods 
within the OPERATING MODE 4.4. In a preferred embodiment, the controller 
5 206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for clock 
periods 13 and 14 of the OPERATING MODE 4.4. 

Finally, the controller 206 preferably places the sensor 205 in the 
SENSING STATE 1. The controller 206 may place the sensor 205 in the 
SENSING STATE 1 for any nmnber of the sixteen dock periods within the 

10 OPERATING MODE 4.4. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SENSING STATE 1 for dock periods 15 and 16 of the 
OPERATING MODE 4.4. 

In a preferred embodiment, as illustrated in FIG. 30, the controller 206 
utilizes a long forcing mode with retum-to-zero forces and test bit interleaving 

15 during the OPERATING MODE 4.5. The controller 206 may utilize any number 
of the eleven generic operating states described above, or variations thereof, to 
create the OPERATING MODE 4.5. In a preferred embodiment, the controller 
206 utiHzes the RETURN-TO-ZERO STATE, the FIRST MODULATOR FORCE 
UP STATE or the FIRST MODULATOR FORCE DOWN STATE, the test 

20 forcing state, the GRAVITY CANCELLATION STATE, the VOLTAGE 
EQUALIZATION STATE, and the SENSING STATE 1 to create the 
OPERATING MODE 4.5. 

In a preferred embodiment, the controller 206 begins the OPERATING 
MODE 4.5 by placing the sensor 205 in the RETURN-TO-ZERO STATE to 

25 remove charges from the conductive plates 305, 306, 307, and 308. The 

controller 206 may place the sensor 205 id the RETURN-TO-ZERO STATE for 
any number of the sixteen dock periods within the OPERATING MODE 4.5. In 
a preferred embodiment, the controller 206 places the sensor 205 in the 
RETURN-TO-ZERO STATE for dock period 1, the first half of clock period 3, 

SO and the second half of clock period 4 of the OPERATING MODE 4.5. 
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Next, the controller 206 preferably places the sensor 205 in the FIRST 
MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE to force the measurement mass 309 as a function of the position of the 
measurement mass 309 within the sensor 205. The controller 206 may place the 
5 sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 
MODULATOR FORCE DOWN STATE for any number of the sixteen clock 
periods within the OPERATING MODE 4.5. In a preferred embodiment, the 
controller 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE for dock period 2 

10 ofthe OPERATING MODE 4.5. 

Next, the controller 206 preferably places the sensor 205 in the test 
forcing state. The controller 206 preferably creates the test state by interleaving 
a test bit input into the data stream in place of the FIRST MODULATOR 
FORCE UP STATE or the FIRST MODULATOR FORCE DOWN STATE, 

15 depending on the value of the output stream IMOD from the loop filter 315. In a 
preferred embodiment, the controller 206 interleaves the test bit stream 
substantially as described in United States Patent No. 6,023,960, the disclosure 
of which is incorporated herein by reference. The controller 206 may place the 
sensor 205 in the test forcing state for any number of the sixteen dock periods 

20 within the OPERATING MODE 4.5. In a preferred embodiment, the controller 
206 places the sensor 205 in the test forcing state for the second half of dock 
period 3 and the first half of dock period 4 of the OPERATING MODE 4.5. 

Next, the controllCT 206 preferably places the sensor 205 in the GRAVITY 
CANCELLATION STATE. The controUer 206 may place the sensor 205 in the 

25 GRAVITY CANCELLATION STATE for any number of the sixteen dock periods 
within the OPERATING MODE 4.5. In a preferred embodiment, the controller 
206 places the sensor 205 in the GRAVITY CANCELLATION STATE for dock 
periods 5 through 12 ofthe OPERATING MODE 4.5. 

Next, the controller 206 preferably places the sensor 205 in the VOLTAGE 

30 EQUALIZATION STATE. The controller 206 may place the sensor 205 in the 
VOLTAGE EQUALIZATION STATE for any number ofthe sixteen clock periods 
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within the OPERATING MODE 4.5. In a preferred embodiment, the controller 
206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for dock 
periods 13 and 14 of the OPERATING MODE 4.5. 

Finally, the controller 206 preferably places the sensor 205 in the 
5 SENSING STATE 1. The controller 206 may place the sensor 205 in the 
SENSING STATE 1 for any number of the sndeen clock periods within the 
OPERATING MODE 4.5. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SENSING STATE 1 for dock periods 15 and 16 of the 
OPERATING MODE 4.5. 

10 In another preferred embodiment, as illustrated in FIG. 31, the controller 

206 utilizes a short forcing mode with retum-to-zero forces during the 
OPERATING MODE 4.6. The controller 206 may utilize any number of the 
eleven generic operating states described above, or variations thereof, to create 
the OPERATING MODE 4.6. In a preferred embodiment, the controller 206 

15 utiHzes the RETURN-TO-ZERO STATE, the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE, the GRAVITY 
CANCELLATION STATE, the VOLTAGE EQUALIZATION STATE, and the 
SENSING STATE 1 to create the OPERATING MODE 4.6. 

In a preferred embodiment, the controller 206 begins the OPERATING 

20 MODE 4.6 by placing the sensor 205 in the RETURN-TO-ZERO STATE to 
remove diarges from the conductive plates 305, 306, 307, and 308. The 
controller 206 may place the sensor 205 in the RETURN-TO-ZERO STATE for 
any number of the sixteen dock periods within the OPERATING MODE 4.6. In 
a preferred embodiment, the controller 206 places the sensor 205 in the 

25 RETURN-TO-ZERO STATE for dock periods 1, 3 and 4 of the OPERATING 
MODE 4.6. 

Next, the controller 206 preferably places the sensor 205 in the FIRST 
MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE to force the measurement mass 309 as a function of the position of the 
30 measurement mass 309 witiiin the sensor 205. The controUer 206 may place the 
sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 
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MODULATOR FORCE DOWN STATE for any number of the sixteen dock 
periods within the OPERATING MODE 4.6. In a preferred embodiment, the 
controller 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE for dock period 2 
5 of the OPERATING MODE 4.6. 

Next, the controUer 206 preferably places the sensor 205 in the GRAVITY 
CANCELLATION STATE. The controller 206 may place the sensor 205 in the 
GRAVITY CANCELLATION STATE for any number of the sixteen dock periods 
within the OPERATING MODE 4.6. In a preferred embodiment, the control!^ 

10 206 places the sensor 205 in the GRAVITY CANCELLATION STATE for dock 
periods 5 throu^ 12 of the OPERATING MODE 4.6. 

Next, the controller 206 preferably places the sensor 205 in the VOLTAGE 
EQUALIZATION STATE. The controUer 206 may place the sensor 205 in the 
VOLTAGE EQUALIZATION STATE for any number of the sixteen dock periods 

15 within the OPERATING MODE 4.6. In a preferred embodiment, the controUer 
206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for dock 
periods 13 and 14 of the OPERATING MODE 4.6. 

FinaUy, the controUer 206 preferably places the sensor 205 in the 
SENSING STATE 1. The controUer 206 may place the sensor 205 in the 

20 SENSING STATE 1 for any ntmiber of the sixteen dock periods within the 
OPERATING MODE 4.6. In a preferred embodiment, the controUer 206 places 
the sensor 205 in the SENSING STATE 1 for dock periods 15 and 16 of the 
OPERATING MODE 4.6. 

In another pref^ed embodiment, as iUustrated in FIG. 32, the controUer 

25 206 utilizes a short forcing mode with retum-to-zero forces and test bit 

interleaving during the OPERATING MODE 4.7. The controUer 206 may utilize 
any number of the eleven generic operating states described above, or variations 
thereof, to create the OPERATING MODE 4.7. In a preferred embodiment, the 
controUer 206 utilizes the RETURN-TO-ZERO STATE, the FIRST 

30 MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE, the test forcing state, the GRAVITY CANCELLATION STATE, the 
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VOLTAGE EQUALIZATION STATE, and the SENSING STATE 1 to create the 
OPERATING MODE 4.7. 

In a preferred embodiment, the controller 206 begins the OPERATING 
MODE 4.7 by placing the sensor 205 in the RETURN-TO-ZERO STATE to 
5 remove charges from the conductive plates 305, 306, 307, and 308. The 

controUer 206 may place the sensor 205 in the RETURN-TO-ZERO STATE for 
any number of the sixteen clock periods within the OPERATING MODE 4.7. In 
a preferred embodiment, the controller 206 places the sensor 205 in the 
RETURN-TO-ZERO STATE for dock period 1, the first half of clock period 3, 

10 and the second half of clock period 4 of the OPERATING MODE 4.7. 

Next, the controller 206 preferably places the sensor 505 in the FIRST 
MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE to force the measurement mass 309 as a function of the position of the 
measurement mass 309 within the sensor 205. The controller 206 may place the 

15 sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 
MODULATOR FORCE DOWN STATE for any number of the sixteen dock 
periods within the OPERATING MODE 4.7. In a preferred embodiment, the 
controller 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE for dock period 2 

20 of the OPERATING MODE 4.7. 

Next, tiie controller 206 preferably places the sensor 205 in the test 
forcing state. The controller 206 preferably creates the test state by interleaving 
a test bit input into the data stream m place of the FIRST MODULATOR 
FORCE UP STATE or the FIRST MODULATOR FORCE DOWN STATE, 

25 depending on the value of the output stream IMOD. In a preferred embodiment, 
the controller 206 interleaves the test bit stream substantially as described in 
United States Patent No. 6,023,960, the disdostire of which is incorporated 
herein by reference. The controller 206 may place the sensor 205 in the test 
fordng state for any number of the sixteen dock periods within the 

80 OPERATING MODE 4.7. In a preferred embodiment, the controller 206 places 
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the sensor 205 in the test forcing state for the second half of dock period 3 and 
the first half of clock period 4 of the OPERATING MODE 4.7. 

Next, the controller 206 preferably places the sensor 205 in the GRAVITY 
CANCELLATION STATE. The controller 206 may place the sensor 205 in the 
5 GRAVITY CANCELLATION STATE for any number of the siirteen dock periods 
within the OPERATING MODE 4.7. In a preferred embodiment, the controller 
206 places the sensor 205 in the GRAVITY CANCELLATION STATE for dock 
periods 5 through 12 of the OPERATING MODE 4.7. 

Next, l^e controller 206 preferably places the sensor 205 in the VOLTAGE 

10 EQUALIZATION STATE. The controller 206 may place the sensor 205 in the 
VOLTAGE EQUALIZATION STATE for any number of the sixteen clock periods 
within the OPERATING MODE 4.7. In a preferred embodiment, the controller 
206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for dock 
periods 13 and 14 of the OPERATING MODE 4.7. 

15 Finally, the controller 206 preferably places the sensor 205 in the 

SENSING STATE 1. The controller 206 may place the sensor 205 in the 
SENSING STATE 1 for any number of the sixteen dock periods within the 
OPERATING MODE 4.7. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SENSING STATE 1 for dock periods 15 and 16 of the 

20 OPERATING MODE 4.7. 

In another preferred embodiment, as illustrated in FIG. 33, the controller 
206 utihzes a very long forcing mode with retum-to-zero forces during the 
OPERATING MODE 4.8. The controller 206 may utilize any number of the 
eleven generic operating states described above, or variations thereof, to create 

25 the OPERATING MODE 4.8. In a preferred embodiment, the controller 206 
utiUzes the RETURN-TO-ZERO STATE, the FIRST MODULATOR FORCE UP 
STATE or the FIRST MODULATOR FORCE DOWN STATE, the VOLTAGE 
EQUALIZATION STATE, and the SENSING STATE 1 to create the 
OPERATING MODE 4.8. 

SO In a preferred embodiment, the controller 206 begins the OPERATING 

MODE 4.8 by placing the sensor 205 in the RETURN-TO-ZERO STATE to 
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remove charges from the conductive plates 305, 306, 307, and 308. The 
controller 206 may place the sensor 205 in the RETURN-TO-ZERO STATE for 
any nmnber of the sixteen dock periods within the OPERATING MODE 4.8. In 
a preferred embodiment, the controller 206 places the sensor 205 in the 
5 RETURN-TO-ZERO STATE for dock periods 1, 10, 11, and 12 of the 
OPERATING MODE 4.8. 

Next, the controller 206 preferably places the sensor 205 in the FIRST 
MODULATOR FORCE UP STATE or the FIRST MODULATOR FORCE DOWN 
STATE to force the measurement mass 309 as a function of the position of the 

10 measurement mass 309 within the sensor 205. The controller 206 may place the 
sensor 205 in the FIRST MODULATOR FORCE UP STATE or the FIRST 
MODULATOR FORCE DOWN STATE for any number of the sixteen clodt 
periods within the OPERATING MODE 4.8. In a preferred embodiment, the 
controller 206 places the sensor 205 in the FIRST MODULATOR FORCE UP 

15 STATE or the FIRST MODULATOR FORCE DOWN STATE for dock periods 2 
through 9 of the OPERATING MODE 4.8. 

Next, the controller 206 preferably places the sensor 205 in the VOLTAGE 
EQUALIZATION STATE. The controller 206 may place the sensor 205 in the 
VOLTAGE EQUALIZATION STATE for any number of the sixteen clock periods 

20 within the OPERATING MODE 4.8. In a preferred embodiment, the controller 
206 places the sensor 205 in the VOLTAGE EQUALIZATION STATE for clock 
periods 13 and 14 of the OPERATING MODE 4.8. 

Finally, the controller 206 preferably places the sensor 205 in the 
SENSING STATE 1. The controller 206 may place the sensor 205 in the 

25 SENSING STATE 1 for any number of the sixteen dock periods within the 
OPERATING MODE 4.8. In a preferred embodiment, the controller 206 places 
the sensor 205 in the SENSING STATE 1 for clock periods 15 and 16 of the 
OPERATING MODE 4.8. 

The controller 206 preferably uses the OPERATING MODE 1, the 

30 OPERATING MODE 2, the OPERATING MODE 3, and the OPERATING 
MODE 4 to create a startup sequence for the system 100. The controller 206 
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may arrange the OPERATING MODE 1, the OPERATING MODE 2, the 
OPERATING MODE 3, and the OPERATING MODE 4 in any number of 
combmations suitable for creating a start-up sequence for the sensor system 100. 
The controUer 206 preferably applies the OPERATING MODE 1, the 
5 OPERATING MODE 2, the OPERATING MODE 3, and the OPERATING 
MODE 4 in four arrangements to create foiu: different startup sequences, 
including (1) a startup sequence 3400 without stray capacitance calibration, (2) a 
startup sequence 3500 with stray capacitance calibration, (3) a startup sequence 
3600 without stray capacitance calibration where the controller 206 remains in 

10 an analog output mode, and (4) a startup sequence 3700 with stray capacitance 
calibration where the controller 206 remains in an analog output mode. 

Referring to FIG. 34, a startup sequence 3400 without stray capacitance 
calibration will be described. In a preferred embodiment, the startup sequence 
3400 includes: using the OPERATING MODE 1 to set up the measurement mass 

15 309 within the sensor 205 in step 3405, using the OPERATING MODE 3 to 
caHbrate the sensor 205 in step 3410, and using the OPERATING MODE 4 to 
run the controller 206 with the sensor 205 inside a delta-sigma modulator loop in 
step 3415. 

In a prefmred embodiment, in step 3405 the controller 206 begins the 
20 startup sequence 3400 by utilizing the OPERATING MODE 1. The controller 
206 preferably uses the OPERATING MODE 1 to pull the measurement mass 
309 from a resting position within the sensor 205 and to position the 
measiurement mass 309 withbi the sensor 205 so that the charges across 
capacitor 01 and capacitor 02 are substantially equal in magnitude. 
25 Next, m step 3410, the controller 206 preferably utilizes the OPERATING 

MODE 3 to cancel the effects of gravitational forces on the sensor 205 and to 
calibrate the sensor 205. In a preferred embodiment, the controller 206 
calibrates the sensor 205 so that the operating range of the sensor 205 is 
approximately +/- O.lg. 
30 Fuially, in step 3415 the controller 206 preferably concludes the startup 

sequence 3400 by operating the sensor system 100 in the OPERATING MODE 4. 
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In a preferred embodiment, the controUer 206 operates the sensor system 100 in 
a sigma-delta operating mode during the OPERATING MODE 4. The controUer 
206 may utilize any of the eight sub-modes of the OPERATING MODE 4 
described above, such as, for example, the OPERATING MODE 4 1 the 

6 OPERATINGMODE4.2,theOPERATINGMODE4.3.theOPERATING 
MODE 4.4, the OPERATING MODE 4.5, the OPERATING MODE 4.6 the 
OPERATING MODE 4.7, or tiie OPERATING MODE 4.8. In a prefen^ed 
embodiment, dming the OPERATING MODE 4. the controller 206 applies 
electrostatic forces to the sensor 205 designed to offeet the effects of external 
10 acceleration forces experienced by the sensor 205. 

Referring to FIG. 35. a steri;up sequence 3500 with stray capacitance 
calibration will now be described. In a preferred embodiment, the steri^p 
sequence 3500 includes: using the OPERATING MODE 1 to set up the 
measurement mass 309 within the sensor 205 in step 3505, using the 

15 OPERATINGMODE2tocah'bratethesensor205instep3510,applyingthe 
OPERATING MODE 3 to cancel the effecte of stxay capadtonce within the 
sensor 205 in step 3515, and using the OPERATING MODE 4 to run the 
controller 206 with the sensor 205 inside a delte-sigma modulator loop in step 
3520. 

20 In a preferred embodiment, in step 3505 the controller 206 begins the 

BimUxp sequence 3600 by utilizing the OPERATING MODE 1. The controller 
206 preferably uses the OPERATING MODE 1 to puU the measurement mass 
309 from a resting position within the sensor 205 and to position the 
measurement mass 309 within the sensor 205 so that the capacitor CI and 

25 capacitor C2 are substantially equal in magnitude. 

Next, in step 3510 the controUer 206 preferably utilizes the OPERATING 
MODE 2 to cancel the effects of gravitational forces on the sensor 205 and to 
calibrate the sensor 205. In a preferred embodiment, the controUer 206 
caUbrates the sensor 205 so that the operating range of the sensor 205 is 

30 approximately +/- O.lg. 
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Next, in step 3515 the controller 206 preferably utilizes the OPERATING 
MODE 3 to optimize the performance of the sensor 205 by canceling tlie effects 
of stray capacitances within the sensor 205. The controller 206 preferably 
utilizes the OPERATING MODE 2 and the OPERATING MODE 3 together to 
5 calibrate Hie sensor 205 and cancel the effects of gravity and stray capacitances 
on the sensor 205. 

Finally, in step 3520 the controller 206 preferably concludes the startup 
sequence 3500 by operating the sensor system 100 in the OPERATING MODE 4. 
In a preferred embodiment, the controller 206 operates the sensor syBtem 100 in 

10 a sigma-delta operating mode during the OPERATING MODE 4. The controller 
206 may utilize any of the ei^t sub-modes of the OPERATING MODE 4 
described above, such as, for example, the OPERATING MODE 4.1, the 
OPERATING MODE 4.2, the OPERATING MODE 4.3, the OPERATING 
MODE 4.4, the OPERATING MODE 4.5, the OPERATING MODE 4.6, the 

15 OPERATING MODE 4.7, or the OPERATING MODE 4.8. In a preferred 
embodiment, during the OPERATING MODE 4, the controller 206 applies 
electrostatic forces to the sensor 205 designed to offset the effects of external 
acceleration forces experienced by the sensor 205. 

Referring to FIG. 36, a startup sequence 3600 without stray capacitance 

20 calibration where the controller 206 remains in an analog output mode will now 
be described. In a preferred embodiment, the startup sequence 3600 includes: 
using the OPERATING MODE 1 to set up the measurement mass 309 within the 
sensor 205 in step 3605, and applying an OPERATING MODE 2 Extended to 
continuously servo the measurement mass 309 to the center position between 

25 plates 305 and 308 in response to external accelerations in step 3610. The 

startup sequence 3600 is preferably used when the sensor 205 is to operate as an 
approximately +/- 2g analog output accelerometer. 

In a preferred embodiment, in step 3605 the controller 206 begins the 
startup sequence 3600 by utilizing the OPERATING MODE 1. The controUer 

30 206 preferably uses the OPERATING MODE 1 to pull the measurement mass 
309 from a resting position within the sensor 205 and to position the 
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measurement mass 309 within the sensor 205 so that the capacitor CI and the 

capacitor C2 are substantially equal in magnitude. 

In step 3610, the controller 206 preferably concludes the startup sequence 

3600 by utilizing an extended version of the OPERATING MODE 2. In a 
5 preferred embodiment, the ejrtended version of the OPERATING MODE 2 

cancels the effects of external acceleration forces on the sensor 205 within a 

range of approximately +/- 2g. 

Referring to FIG. 37, a startup sequence 3700 with stray capacitance 

calibration where the controller 206 remains in an analog output mode will now 
10 be described. In a preferred embodiment, the startup sequence 3700 includes: 

using the OPERATING MODE 1 to set up the measurement mass 309 within the 

sensor 205 in step 3705, using the OPERATING MODE 2 to calibrate the sensor 

205 in step 3710, applying the OPERATING MODE 3 to cancel the effects of 

stray capacitance within the sensor 205 in step 3715, and using the OPERATING 
15 MODE 2 Extended to continuously servo the measurement mass 309 to the 

center position between plates 305 and 308 in response to external accelerations 

in step 3720. 

In a preferred embodiment, in step 3705 the controller 206 begins the 
startup sequence 3700 by utilizing the OPERATING MODE 1. The controller 
20 206 preferably uses the OPERATING MODE 1 to pull the measurement mass 
309 from a resting position within the sensor 205 and to position the 
measurement mass 309 within the sensor 205 so that the capacitor CI and the 
capacitor C2 are substantially equal in magnitude. 

Next, in step 3710 the controller 206 preferably utilizes the OPERATING 
25 MODE 2 to cancel the effects of gravitational forces on the sensor 205 and to 
calibrate the sensor 205. In a preferred embodiment, the controller 206 
calibrates the sensor 205 so that the operating range of the sensor 205 is 
approximately +/- O.lg. 

Next, in step 3715 the controller 206 preferably utilizes the OPERATING 
30 MODE 3 to optimize the performance of the sensor 205 by canceling the effects 
of stray capacitances within the sensor 205. The controller 206 preferably 
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Utilizes the OPERATING MODE 2 and the OPERATING MODE 3 together to 
calibrate the sensor 205 and cancel the effects of gravity and stray capacitances 
on the sensor 205. 

Finally, in step 3720 the controller 206 preferably concludes the startup 
5 sequence 3700 by utilizing an esctended version of the OPERATING MODE 2. In 
a preferred embodiment, the extended version of the OPERATING MODE 2 
cancels the effects of external accelwation forces on the sensor 205 within a 
range of approximately +/- 2g. 

During normal operation of the sensor system 100, the sensor 205 

10 preferably experiences external acceleration forces that cause the measurement 
mass 309 to move around within the sensor 205. In a preferred embodiment, the 
controller 206 cancels the effects of acceleration forces experienced by the sensor 
205 by utilizing the OPERATING MODE 4 during normal sigma-delta operation. 
The controller 206 may cancel the effects of the acceleration forces on the sensor 

15 205 during the OPERATING MODE 4 using any number of methods suitable for 
canceling the acceleration forces, such as, for example, pulse width modulation or 
multi-bit sigma-delta modulation. In a preferred embodiment, the controller 206 
uses a 1-bit sigma-delta modulated djmamic acceleration canceling force to cancel 
the effects of acceleration on the sensor 205. 

20 Referring to FIGS. 38, 39, 40, and 41, the dynamic acceleration canceling 

force wiU now be described. In a preferred embodiment, the dynamic 
acceleration canceling forcing uses orientation-independent electrostatic forcing 
to offset the effects of acceleration forces on the sensor 205. 

In a preferred embodiment, as illustrated in FIG. 38, the sensor 205 is 

25 positioned in an upri^t manner and a downward acceleration force is applied to 
the sensor 205. The position of the conductive plates 305, 306, 307, and 308 
within the sensor 205 preferably creates the variable capacitors CI and 02 within 
the sensor 205. In a preferred embodiment, the conductive plates 305 and 306 
interact to create the capacitor 01. In a preferred embodiment, the conductive 

30 plates 307 and 308 interact to form the capacitor C2. In a preferred embodiment, 
the downward acceleration force applied to the upright sensor 205 causes the 
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measurement mass 309 to move upward. The upward movement of the 
measiu'ement mass 309 causes the conductive plate 306 to move towards the 
conductive plate 305, and the conductive plate 307 to move away from the 
conductive plate 308. As a result, when the upright sensor 205 experiences a 
5 downward acceleration force, the capacitance across the capacitor CI becomes 
greater than the capacitance across the capacitor C2. The sense amplifier 405 
preferably senses the capacitances across the capacitors CI and C2 when the 
controller 206 operates in a sensing mode. When the capacitor CI is greater than 
the capacitor 02, the oulput from the sense amplifier 405 in the front-end 

10 circuit 310 is preferably positive. 

In a preferred embodiment, during sigma-delta operation, the positive 
output V, from the sense amplifier 405 in the front^end circuit 310 is sent to the 
loop fQter 315. The loop filter 315 preferably receives the positive output Vx 
from the sense amplifier 405 and converts it into an output signal EMOD. The 

15 output signal IMOD from the loop filter 315 is preferably supplied by the 

comparator 530. When the output Vx from the sense amplifier 405 is positive, 
the output signal IMOD from the loop filter 315 preferably equals, on the 
average, zero. In a preferred embodiment, when the output signal IMOD equals 
zero, the controller 206 switches from the sensing mode to a forcing mode and 

20 appUes the FIRST MODULATOR FORCE DOWN STATE to the sensor 205. In 
a preferred embodiment, as illustrated in FIG. 39, the FIRST MODULATOR 
FORCE DOWN STATE is created by applying the positive reference voltage 
+ to the conductive plate 305, the positive reference voltage + V,^ to the 
conductive plates 306 and 307 on the measurement mass 309, and the negative 

25 reference voltage -V^ to the conductive plate 308. The electrostatic force 
resulting from the voltages + and -V^ preferably moves the measurement 
mass 309 downward away from the conductive plate 305 and towards the 
conductive plate 308, canceling the upward movement of the measurement mass 
309 caused by the downward acceleration force on the sensor 205. The 

30 magnitude of the electrostatic force, Fl, used to cancel the effects of the 
downward acceleration on the upri^t sensor 205 is preferably given by: 
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Fl=^eA 
2 




(1) 



where: 



e = the dielectric constant of the gaps between the plates 305, 306, 307, 
and 308, 

A = area of the plates 305, 306, 307, and 308, 

Vp = magnitude of the positive reference voltage apphed to conductive 
plates 305, 306, and 307, 

Vn = magnitude of the negative reference voltage applied to conductive 
plate 308, and 

D = distance between the center of the measurement mass 309 and the 
conductive plate 308, as illustrated in FIG. 39. 

In another preferred embodiment, as illustrated in FIGS. 40 and 41, the 
sensor 205 is positioned in an upside down manner and a downward acceleration 
force is applied to the sensor 205. The position of the conductive plates 305, 306, 
307, and 308 within the sensor 205 preferably creates variable capacitors CI and 
C2 within the sensor 205. In a preferred embodiment, the conductive plates 305 
and 306 interact to create the capacitor 01. In a preferred embodiment, the 
conductive plates 307 and 308 interact to form the capacitor C2. In a preferred 
embodiment, the downward acceleration force applied to the upside down sensor 
205 causes the measurement mass 309 to move upward, which corresponds to a 
downward movement of the measurement mass 309 in an uprig^ht sensor 205. 
The upward movement of the measiu*ement mass 309 causes the conductive 
plate 307 to move towards the conductive plate 308, and the conductive plate 306 
to move away from the conductive plate 305. Therefore, when the upside down 
sensor 205 experiences a downward acceleration force, the capacitance across the 
capacitor C2 becomes greater than the capacitance across the capacitor CI. The 
sense amplifier 405 preferably senses the capacitances across the capacitors CI 
and C2 when the controller 206 operates in the sensing mode. When the 
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capacitor C2 is greater than the capacitor CI, the output V, from the sense 
amplifier 405 is preferably negative. 

In a preferred embodiment, during sigma-delta operation, the negative 
output from the sense amplifier 405 in the front^end circuit 310 is sent to the 
5 loop filter 315. The loop filter 315 preferably receives the negative output Vx 
from the sense amplifier 405 and converts it into an output signal IMOD. The 
output signal IMOD from the loop filter 315 is preferably supplied by the 
comparator 530. When the output Vx from the sense amplifier 405 is negative, 
the output signal IMOD from the loop filter 315 preferably equals, on the 

10 average, one. In a preferred embodiment, when the output signal IMOD from 
the loop filter 315 equals one, the controller 206 switches from the sensing mode 
to the forcing mode and applies the FIRST MODULATOR FORCE UP STATE to 
the sensor 205. In a preferred embodiment, as illustrated in FIG. 41, the FIRST 
MODULATOR FORCE UP STATE is created by applying the positive reference 

15 voltage to plate 305, the negative reference voltage -V^ to plates 306 and 
307 on the measurement mass 309, and the negative reference voltage -V^f to 
plate 308. The electrostatic force resulting from the application of the voltages 
+ and -V^ preferably moves the measurement mass 309 down away from 
plate 308 and towards plate 305, canceling the upward movement of the 

20 measurement mass 309 caused by the acceleration force on the sensor 205. The 
magnitude of tiie electrostatic force, F2, used to cancel the effects of the 
downward acceleration applied to the upside-down sensor 205 is preferably given 
by: 




25 where: 

e = dielectric constant of the gaps between the plates 305, 306, 307, 
and 308, 

A = area of the plates 305, 306, 307, and 308, 
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Vp = magnitude of the positive reference voltage applied to conductive 
plate 305, 

= magnitude of the negative reference voltage applied to conductive 
plates 306, 307, and 308, and 
5 D = distance between the center of the measurement mass 309 and the 

conductive plate 308, as illustrated in FIG. 41. 

In a preferred embodiment, the magnitude of the electrostatic force F2 
applied to cancel the effects of the downward acceleration force on the upside 

10 down sensor 205 is substantially the same as the electrostatic force Fl applied to 
cancel the effects of an upward acceleration force of the same magnitude on the 
upri^t sensor 205. Likewise, the electrostatic force applied to cancel the effects 
of the upward acceleration force on the upside down sensor 205 is preferably 
substantially identical to the force applied to cancel the effects of an downward 

15 acceleration force of the same magnitude on the upright sensor 205. Therefore, 
in a ]>referred embodiment, the electrostatic forces required to offset the effects 
of acceleration forces on the sensor 205 are dependent on the directional 
movement of the measurement mass 309 with respect to the conductive plates 
305, 306, 307, and 308 and are independent of the orientation of the sensor 205. 

20 Referring to FIGS. 5, 42, and 43, the operation of the loop filter 315 in the 

controller 206 wiQ now be described. The operation of the loop filter 315 may, 
for example, vary as a function of the operating mode of the sensor 205. The loop 
filter 315 may, for example, operate in a normal operating mode or in a reduced- 
order mode. In a preferred embodiment, the loop filter 315 operates in the 

25 reduced-order mode during the OPERATING MODE 1, the OPERATING MODE 
2, the OPERATING MODE 3, and parts of the OPERATING MODE 4. In a 
preferred embodiment, the loop filter 315 operates in the normal operating mode 
during parts of the OPERATING MODE 4. 

In a preferred embodiment, the loop filter 315 preferably operates in 

30 normal operating mode and provides noise shaping for the sensor 205 during 
sigma-delta operation (OPERATING MODE 4). The loop filter 315 may provide 
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noise shaping to the sensor 205 using any number of methods suitable for 
providing noise shaping to a measwement device, such as, for example, n**" order 
1-bit sigma-delta modulation or n**" order multi-bit sigma-delta modulation. In a 
preferred embodiment, as illustrated in FIG, 5, the loop filter 315 provides noise 
5 shaping to the sensor 205 by utilizing the output streams suppUed by the 
integrators 505, the derivative controller 510, and the proportional controller 
515. In a preferred embodiment, the loop filter 315 receives the output Vx of the 
sense amplifier 405 in the fi*ont^end circuit 310 as the input into the loop filter 
315. The derivative controller 510 preferably generates a velocity term as the 

10 first derivative of the x position of the measurement mass 309 as determined by 
the output Vx of the sense amplifier 405. The proportional <x)ntro]ler 515 
preferably generates a displacement term by applying a proportional constant to 
the output Vx of the sense amplifi^ 405. The integrators 505 preferably use the 
output Vx of the sense amplifier 405 to generate a third, foiuih, and fifth integral 

15 term for fifth-order noise shaping of the 1-bit quantization noise. The output 
streams firom the integrators 505, the derivative controller 510, and the 
proportional controller 515 are i>referably scaled as needed and received by the 
summer 525. The summer 525 preferably combines the output streams firom the 
integrators 505, the derivative controller 510, and the proportional controller 515 

20 into a sin^e output stream. During the normal sigma-delta operating mode 
(OPERATING MODE 4), the output stream from the summer 525 is preferably 
sent to the comparator 530. The comparator 530 preferably converts the output 
stream firom the summer 525 into an output stream IMOD firom the loop filter 
315. In a preferred embodiment, the output IMOD fi-om the loop filter 315 is a 

25 sigma-delta modulated 1-bit signal representing the external acceleration forces 
on the sensor 205, excluding the approximately 1-g static field. In a preferred 
embodiment, the output IMOD firom the loop filter 315 equals, on the average, 
either zero or one. 

In another preferred embodiment, the loop filter 315 preferably operates 

80 in reduced-order mode and provides feedback loop compensation for the sensor 
205 during the OPERATING MODE 1, the OPERATING MODE 2, and the 
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OPERATING MODE 3, and noise shaping during parts of the OPERATING 
MODE 4. The loop filter 315 may provide feedback loop control or noise shaping 
to the sensor 205 using any ntunber of methods of providing feedback loop 
control or noise shaping to a sensor. The loop filter 315 preferably provides 
5 feedback loop control to the sensor 205 by operating in the reduced-order mode. 
In a preferred embodiment, as illustrated in FIG. 42, the loop filter 315 operates 
in reduced-order mode by holding the integrators 505 in reset and utilizing the 
output streams supplied by the derivative controller 510 and the proportional 
controller 515. In a preferred embodiment, the loop filter 315 receives the 

10 output Vx of the sense amplifier 405 in the fi-ont-end drcuit 310 as the input into 
the loop filter 315. The derivative controller 510 preferably generates a velocity 
term as the first derivative of the x position of the measurement mass 309 as 
determined by the output Vx of the sense amplifier 405. The proportional 
controller 515 preferably generates a displacement term by applying a 

15 proportional constant to the output Vx of the sense amplifier 405. The output 
streams firom the derivative controller 510 and the proportional controller 515 
are preferably scaled as needed and received by the summer 525. The summer 
525 preferably combines the output streams from the derivative controller 510 
and the proportional controller 515 into a single output stream. During the 

20 OPERATING MODE 1, the OPERATING MODE 2, and the OPERATING 

MODE 3, the output stream fi*om the siunmer 525 is preferably sent to the buffer 
535. The buffer 535 preferably converts the output stream fi-om the summer 525 
into an output stream VsTun firom the buffer 535. In a preferred embodiment, 
the output Vsum from the buffer 535 is apphed to the plated 306 and 307 during 

25 the GRAVITY CANCELLATION STATE. 

In a preferred embodiment, the loop fQter 315 operates in the reduced- 
order mode while the sjrstem 100 switches from a system 100 start-up operating 
mode to the system 100 sigma-delta operating mode. In a preferred embodiment, 
the loop filt^ 315 further operates in the reduced-order mode for a 

30 predetermined amount of time after the system 100 switches into sigma-delta 
operating mode. The reduced-order loop filter 315 may, for example, reduce 



wo 00/55593 



PCT/USOO/40038 



spurioiis instabilities that occur during the transition of the system 100 from the 
start-up operating mode to the sigma-delta operating mode. 

Referring to FIG. 43, a method 4300 of providing control to the sensor 
system 100 will now be described. In a preferred embodiment, as illustrated in 
5 FIG. 43, the method 4300 of providing control to the sensor system 100 includes: 
determining the mode of operation of the sensor sjrstem 100 in step 4305, 
adjusting the mode of operation of the loop filter 315 in step 4310, providing 
feedback loop compensation to the sensor system 100 diunng the OPERATING 
MODE 1, the OPERATING MODE 2, the OPERATING MODE 3, and parts of 

10 the OPERATING MODE 4 in step 4315, and providing noise shaping to the 
sensor system 100 during parts of the OPERATING MODE 4 in step 4320. 

In a preferred embodiment, in step 4305 the mode of operation of the 
sensor sjrstem 100 is determined. The system 100 may, for example, operate in a 
start-up mode (the OPERATING MODE 1, the OPERATING MODE 2, and the 

15 OPERATING MODE 3) or in a normal sigma-delta mode (the OPERATING 
MODE 4). In a preferred embodiment, the startup sequencer 325 is used to 
determine the operating mode of the sensor system 100. The startup sequencer 
325 may determine the operating state of the sjrstem 100 using any niunber of 
methods suitable for determining the operating mode of the system 100. In a 

20 preferred embodiment, the startup sequencer 325 determines the operating state 
of the system 100 by using a state machine implemented in digital logic. 

In a preferred embodiment, in step 4310 the startup sequencer 325 adjusts 
the mode of operation of the loop filter 315. The startup sequencer 325 may, for 
example, place the loop filter 315 in a reduced-order mode or allow the loop filter 

25 315 to operate in normal operating mode. When the start-up sequencer 325 
detects that the system 100 is in the OPERATING MODE 1, the OPERATING 
MODE 2, or the OPERATING MODE 3, the startup sequencer 325 preferably 
sends a signal to the loop filter 315 that holds the integrators 505 within the loop 
filter 315 in reset and places the loop filter 315 in reduced-order mode. 

30 The startup sequencer 325 may, for example, also signal the loop filter 315 

to operate in the reduced-order mode when the system 100 is in normal sigma- 
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delta mode during the OPERATING MODE 4. The loop fQter 315 preferably 
holds the integrators 505 in reset when the loop jBlter 315 operates in the 
reduced-order mode. The integrators 505 are typically a source of instability 
within the S3rstem 100 because the integrators 505 tend to overload when the 
5 input into the system 100 exceeds a system 100 limit. By holding the integrators 
505 in reset, the loop filter 315 preferably provides additional stability to the 
system 100 by eliminating a potential source of instabiUty » Therefore, the loop 
filter 315 preferably operates in reduced-order mode while the system 100 
operates in sigma-delta mode during the OPERATING MODE 4 to help the 

10 S3^tem 100 recover from an imexpected system 100 overload. In another 

preferred embodiment, the loop filter 315 operates in reduced-order mode while 
the system 100 is operating in sigma-delta mode during OPERATING MODE 4 
to prevent instability within the system 100 when high input levels into the 
system 100 are expected. 

15 The startr-up sequencer 325 allows the loop filter 315 to operate in the 

normal operating mode when the start-up sequencer 325 detects that the system 
100 is operating in normal sigma-delta mode during the OPERATING MODE 4 
without hig^ input levels or system 100 overloading. When the start-up 
sequencer 325 stops sending the signal to the loop filter 315, the loop filter 315 

20 preferably takes the integrators 505 out of reset and operates in the normal 
operating mode. 

In a preferred embodiment, in step 4315 feedback loop compensation is 
provided to the S3rstem 100. The feedback loop compensation may be provided 
using any number of methods suitable for suppljdng feedback loop compensation 

25 to the system 100. In a preferred embodiment, the feedback loop compensation 
is provided by the loop filter 315 when the loop filter 315 operates in the reduced- 
order mode. In a preferred embodiment, the startup sequencer 325 holds the 
integrators 505 in reset during the reduced-order operating mode, and the loop 
filter 315 provides feedback loop compensation to the system 100. 

30 In a preferred embodiment, in step 4320 noise shaping is provided to the 

system 100. The noise shaping is preferably provided when the system 100 is 
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operating in normal sigma-delta mode. The noise shaping may be provided using 
any nmnber of methods of providing noise shaping to the system 100. In a 
preferred embodiment, the noise shaping is provided by the loop filter 315, which 
operates in normal operating mode when the system 100 operates m normal 
5 sigma-delta mode during the OPERATING MODE 4. In another preferred 
embodiment, the noise shaping is provided by the loop filter 315, which operates 
in reduced-order mode when the system 100 operates in normal sigma-delta 
mode during the OPERATING MODE 4. In a preferred embodiment, the loop 
filter 315 utilizes the integrators 505, the derivative controller 510, and the 

10 proportional controller 515 to supply noise shaping to the system 100. 

Referring to FIGS. 44, 45a, 45b, 45c, 45d, 45e, 46, 47,-48, 49, and 50, a 
preferred embodiment of the operation of the multiphase clock generator 320 in 
the controller 206 will now be described. The multiphase dock generator 320 
preferably provides dock signals that are used to control the switches phsul, 

15 phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, phs, phf, phloop, 
phsim, phxbuf, phz, and pha in the front-end circuit 310. 

In a preferred embodiment, as illustrated in FIG. 44, the multiphase clock 
generator 320 includes a digital signal generator 4403, a clock resynchronization 
circuit 4405, a communication interface 4410, and a substrate 4415. 

20 The digital signal generator 4403 preferably generates original clock 

signals. In a preferred embodiment, the digital signal generator 4403 is 
positioned on the substrate 4415. The digital signal generator 4403 is preferably 
operably coupled to the dock resynchronization circuit 4405 by the 
commimication interface 4410. The digital signal generator 4403 may indude 

25 any number of conventional conunerdally available signal generators suitable for 
generating clock signals for the sensor system 100 such as, for example, a state 
machine, a mux decoder, or a digital decoder. In a preferred embodiment, the 
digital signal generator 4403 is a state machine. 

In a preferred embodiment, the clock resynchronization circuit 4405 

30 resamples the dock signals generated by the digital signal generator 4403 using a 
delayed clock reference for the frontrend circuit 310. The clock 
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resynchronization circuit 4405 is preferably positioned on the substrate 4415. In 
a preferred embodiment, the clock re^oichronization circuit 4405 is operably 
coupled to the digital signal generator 4403 by the communication interface 
4410. The dock resynchronization circuit 4405 may include any number of 
5 circuits suitable for resampling the dock signals used to control the switches 
phsul, phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, phs, phf, 
phloop, phsim, phzbuf, phz, and pha in the front-end circuit 310. In a preferred 
embodiment, as illustrated in FIGS. 45a, 45b, 45c, 45d, and 45e, the dock 
resynchronization circuit 4405 includes a signal gmerator 4520, inverters 4510a, 

10 4510b, 4510c, 4510d, 4510e, 4510f, 4510g, 4510h, 4510i, 4510j, 4510k, 45101, 
4610m, 4510n, 4510o, 4510p, 4510q, 4510r, 4510s, 4510t, 4510u, 4510v, 4510w, 
4510X, 4510y, 4510z, 4510aa, 4510bb, 4510cc, 4510dd, 4510ee, 4510fif, 4510gg, 
4510hh, 4510ii, 4510n, 4510kk, 451011, 4510mm, 4510nn, 4510oo, 4510pp, 
4510qq, and 4510rr, NAND Gates 4515a, 4515b, 4515c, 4515d, 4515e, 4515f, 

15 4515g, and 4515h, NOR Gates 4525a, 4525c, 4525d, 4525e, 4525f, 4525g, 4525h, 
4525i, 4525j, 4525k, 45251, 4525m, 4525n, 4525o, 4525p, 4525q, 4525r, 4525s, 
4525t, 4525U, 4525v, 4525x, 4525y, 4525z, 4525aa, 4525bb, 4525cc, 4525dd, and 
4525ee, XNOR gates 4525b and 4525w, asynchronous reset double edge flip-flops 
4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h, and asynchronous 

20 set double edge flip-flops 4635a, 4535b, 4536c, 4536d, 4636e, 4635f, 4535g, 
4535h, and4535i. 

The signal generator 4520 preferably receives one or more input signals 
and generates an output signal signal_out for use in the clock resynchronization 
circuit 4405. The signal g^erator 4520 may indude any number of signal 

25 generators suitable for use in the clock re^nichronization drcuit 4405. In a 

preferred embodiment, the signal generator 4520 is a complimentaiy metal oxide 
semiconductor (CMOS). 

The inverters 4510a, 4510b, 4510c, 4510d, 4510e, 4510f, 4510g, 4510h, 
4510i, 4510j, 4510k, 45101, 4510m, 4510n, 4610o, 4510p, 4510q, 4510r, 4510s, 

80 4510t, 4510u, 4510v, 4510w, 4510x, 4510y, 4510z, 4510aa, 4610bb, 4510cc, 

4510dd, 4510ee, 4510£f, 4510gg, 4610hh, 4510ii, 451(^, 4510kk, 4510U, 4610mm, 



wo 00/55593 



PCTAJSOO/40038 



4510nn, 4510oo, 4510pp, 4510qq, and 4510rr are preferably used to adiieve an 
appropriate drive strength for different switch loads and metal trace loads on the 
substrate 4415. The inverters 4510a, 4510b, 4510c, 4510d, 4510e, 4510f, 4510g, 
4510h, 4510i, 4510j, 4510k, 45101, 4510m, 4510n, 4510o, 4510p, 4510q, 4510r, 
5 4510s, 4510t, 4510u, 4510v, 4510w, 4510x, 4510y, 4510z, 4510aa, 4510bb, 
4510CC, 4510dd, 4510ee, 4510fif, 4510gg, 4510hh, 4510ii, 45100, 4510kk, 451011, 
4510mm, 4510nn, 4510oo, 4510pp, 4510qq, and 4510rr may be any number of 
conventional commercially available inverters suitable for use in the dock 
resynchronization circuit 4405. In a preferred embodiment, the inverters 4510a, 

10 4510b, 4510c, 4510d, 4510e, 4510f, 4510g, 4510h, 45101, 4510j, 4510k, 45101, 
4510m, 4510n, 4610o, 4510p, 4510q, 4510r, 45108, 4510t, 4510u, 4510v, 4510w, 
4510x, 451()y, 4510z, 4510aa, 4510bb, 4510cc, 4510dd, 4510ee, 4510fif, 4510gg, 
4510hh, 4510u, 4510jj, 4510kk, 451011, 4510mm, 4510nn, 4510oo, 4510pp, 
4510qq, and 4510rr are CMOS. 

15 The NAND Gates 4515a, 4515b, 4515c, 4515d, 4515e, 4515f, 4515g, and 

4515h are preferably used to perform a required digital functionality within the 
dock resynchronization circuit 4405. The NAND Gates 4515a, 4515b, 4515c, 
4515d, 4515e, 4515f, 4515g, and 4515h may be any number of conventional 
commercially available NAND gates suitable for use in the dodc 

20 resynchronization circuit 4405. In a preferred embodiment, the NAND Gates 
4515a, 4515b, 4515c, 4515d, 4515e, 4515f, 4515g, and 4515h are CMOS. 

The NOR Gates 4525a, 4525c, 4525d, 4525e, 4525f, 4525g, 4525h, 45251, 
4526j, 4525k, 45251, 4525m, 4525n, 4525o, 4525p, 4525q, 4525r, 4525s, 4525t, 
4525u, 4525v, 4525x, 4525y, 4525z, 4525aa, 4525bb, 4525cc, 4525dd, and 4525ee 

25 are preferably used to perform a required digital fimctionaUty within the dock 
resynchronization drcuit 4405. The NOR Gates 4525a, 4525c, 4525d, 4525e, 
4525f, 4525g, 4525h, 45251, 4525j, 4525k, 45251, 4525m, 4525n, 4525o, 4525p, 
4525q, 4525r, 4525s, 4525t, 4525u, 4525v, 4525x, 4525y, 4525z, 4525aa, 4525bb, 
4525CC, 4525dd, and 4525ee may be any nmnber of conventional commercially 

30 available NOR gates suitable for use in the dock resynchronization drcuit 4405. 
In a preferred embodiment, the NOR Gates 4525a, 4525c, 4525d, 4525e, 4525f, 
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4525g, 4525h, 4525i, 4525j, 4525k, 45251, 4525m, 4525n, 4525o, 4525p, 4525q, 
4525r, 4625s, 4525t, 4525u, 4525v, 4525x, 4525y, 4525z, 4525aa, 4525bb, 4525cc, 
4525dd, and 4525ee are CMOS. 

The XNOR Gates 4525b and 4625w are preferably used to perform a 
5 required digital functionality within the dock resynchronization circuit 4405. 
The XNOR Gates 4525b and 4525w may be any niunber of conventional 
commercially available XNOR gates suitable for use in the clock 
resynchronization circuit 4405. In a preferred embodiment, the XNOR Gates 
4525b and 4525w are CMOS. 

10 The asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 4535d, 

4535e, 4535f, 4535g, 4535h, and 45351 are preferably D flip-flops that pass data 
on both clock edges with asynchronous set inputs. In a preferred embodiment, 
the asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 4535d, 4535e, 
4535f, 4535g, 4535h, and 45351 are used to resample clock signals. The 

15 asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 4535d, 4535e, 
4535f, 4535g, 4535h, and 45351 preferably allow the dock resynchronization 
circuit 4405 to dock data through the drcuit 4405 at approximately twice the 
speed of a conventional single-edge flip-flop. In a preferred embodiment, as 
illustrated in FIG. 46, the asynchronous set double edge flip-flops 4535a, 4535b, 

20 4535c, 4535d, 4535e, 4535f, 4535g, 4535h, and 45351 include inverters 4610a, 
4610b, 4610c, 4610d, and 4610e, NOR Gates 4615a and 4615b, and transmission 
gates 4620a, 4620b, 4620c, 4620d, 4620e, and 4620f. 

The inverters 4610a, 4610b, 4610c, 4610d, and 4610e may be any number 
of inverters suitable for use in the asynchronous set double edge flip-flops 4535a, 

26 4535b, 4535c, 4535d, 4535e, 4535f, 4535g, 4535h, and 45351. In a preferred 
embodiment, the inverters 4610a, 4610b, 4610c, 4610d, and 4610e are CMOS. 

The NOR gates 4615a and 4615b may be any number of NOR gates 
suitable for use in the asynchronous set double edge flip-flops 4535a, 4535b, 
4535c, 4535d, 4535e, 4535f, 4535g, 4535h, and 4535i. In a preferred 

30 embodiment, the NOR gates 4615a and 4615b are CMOS. 
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The transmission gates 4620a, 4620b, 4620c, 4620d, 4620e, and 4620f may 
be any number of transmission gates suitable for use in the asjmchronous set 
double edge flip-flops 4535a, 4535b, 4535c, 4535d, 4535e, 4635f, 4535g, 4535h, 
and 4535i. In a preferred embodiment, the transmission gates 4620a, 4620b, 
5 4620c, 4620d, 4620e, and 4620f are CMOS. 

The asynchronous reset double edge flip-flops 4530a, 4530b, 4530c, 4530d, 
4530e, 4530f, 4530g, and 4530h are preferably D flip-flops that pass data on both 
dock edges vdth asynchronous reset inputs. In a preferred embodiment, the 
asynchronous reset double edge flip-flops 4530a, 4530b, 45d0c, 4530d, 4530e, 

10 4530f, 4530g, and 4530h are used to resample dock signals. The asynchronous 
reset double edge flip-flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 
4530h preferably allow the clock resynchronization circuit 4405 to clock data 
throu^ the circuit at approximately twice the speed of a normal sin^e-edge flip- 
flop. In a preferred embodiment, as illustrated in FIG. 47, the asynchronous 

15 reset double edge flip-flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 
4530h include inverters 4710a, 4710b, 4710c, 4710d, 4710e, and 4710f, NAND 
Gates 4715a and 4715b, and transmission gates 4720a, 4720b, 4720c, 4720d, 
4720e,and4720f. 

The inverters 4710a, 4710b, 4710c, 4710d, 4710e, and 4710f may be any 
20 number of inverters suitable for use in the asynchronous reset double edge flip- 
flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h. In a preferred 
embodiment, the inverters 4710a, 4710b, 4710c, 4710d, 4710e, and 4710f are 
CMOS. 

The NAND Gates 4715a and 4715b may be any number of NAND gates 
25 suitable for use in the asynchronous reset double edge flip-flops 4530a, 4530b, 
4530c, 4530d, 4530e, 4530f, 4530g, and 4530h. In a preferred embodiment the 
NAND Gates 4715a and 4715b are CMOS. 

The transmission gates 4720a, 4720b, 4720c, 4720d, 4720e, and 4720f may 
be any number of transmission gates suitable for use in the asynduronous reset 
30 double edge flip-flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 
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4530h. In a preferred embodiment, the transmission gates 4720a, 4720b, 4720c, 
4720d, 4720e, and 4720f are CMOS. 

The various components within the clock resynchronization circuit 4405 
may interact to perform any nmnber of functions. 
5 In a preferred embodiment, the signal generator 4520 receives one or more 

input signals and generates an output signal signal_out for use in the dock 
resynchronization circuit 4405. The signal generator 4520 may receive any 
number of input signals. In a preferred embodiment, the input signals into iJie 
signal generator 4520 include an input reset signal POR &om a power-on reset 

10 circuit, an input reset signal reset from a state sequencer, and an input dock 
signal xclk_fe_rst. The output signal signal_out from the signal generator 4520 
is preferably sent to the NOR gate 4525a along with a signal rst_mcgb. The 
signal rst_mcgb is preferably a reset signal generated by the multiphase dock 
generator 320. The NOR gate 4525a preferably processes the input signals 

15 signal_out and rst_m(^ to create an output signal resetb_advanced. In a 

preferred embodiment, the output signal resetb_advanced is sent to the NAND 
gates 4515d and 4515h. In another preferred embodiment, the oulput signal 
resetb advanced is sent to the inverters 4510o, 4510k, 45101, 4510m, and 4510n. 
The inverters 4510o, 4510k, 45101, 4510m, and 4510n preferably strengthen the 

20 drive capability of the output signal resetb_advanced to create an input signal 
synch_reset for the asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 
4535d, 4535e, 4535f, 4535g, 4535h, and 4535i and the asynchronous reset double 
edge flip-flops 4530a, 453db, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h. The 
input signal synch_reset preferably resets the asynchronous reset double edge 

25 flip-flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h and sets 
the asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 4535d, 4535e, 
4535f, 4535g, 4535h, and 4535i on a rising edge of the input dock signal 
xclk_fe_rst. The input signal S3mch_reset preferably releases the asynchronous 
reset double edge flip-flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 

30 4530h and the asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 
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4635d, 4535e, 4535f, 4535g, 4535h, and 4535i on a falling edge of the input clock 
signal xdk^fejrst. 

In a preferred embodiment, the NAND gates 4515g and 4515h, the 
inverters 4610dd, 4510ee, and 4510fiF, the asynchronous reset double edge flip- 
5 flop 4530g, and the XNOR gate 4525w within the dock resynchronization circuit 
4405 interact to generate constant width pulses rise delay and rise_delayb. The 
constant width pulses rise_delay and rise_delayb are preferably generated using 
a dock signal XCLK. The clock signal XCLK may be any number of clock signals 
suitable for use in the clock resynchronization circuit 4405. In a preferred 
10 embodiment, the clock signal XCLK is 2 MHZ clock signal with a 50% duty cycle. 
The constant width pulses rise delay and rise delayb may be any niunber of 
constant width pulses suitable for use in the clock resynchronization circuit 
4405. 

The width of the constant width pulses rise_delay and rise_delayb may be 

15 determined by any number of factors that influence the width of constant width 
pidses. In a preferred embodiment, the widths of the constant width pulses 
rise delay and rise delayb are determined by a propagation delay through the 
asynchronous reset double edge flip-flop 4530g and the NAND gate 4515h. The 
propagation delay may be increased as needed to increase the width of the 

20 constant width pulses rise_delay and rise_delayb. In a preferred embodiment, 
the propagation delay is increased by adding additional delay buflers at an input 
A of the NAND gate 4515h. The XNOR gate 4525w preferably ensures that the 
constant width pulse rise_delay returns to the previous level after the completion 
of the propagation delay. 

25 During the generation of the constant width pulses rise_delay and 

rise_delayb, a feedback wire rise_delay_latched is preferably sent back from the 
NAND gate 4515h to an input B into the NAND gate 4515g and the inverter 
4510dd. The feedback wire rise delay latched is preferably used to prepare an 
input D into the asynchronous reset double edge flip-flop 4530g to receive the 

30 next dock edge. The next dock edge may indude any number of clock edges 
suitable for use in the clock resynchronization circuit 4405. In a preferred 
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embodiment, the next clock edge is configured in the opposite direction of the 
previous clock edge received by the asynchronous reset double edge flip-flop 
4530g. 

In a preferred embodiment, the NAND gates 4515c and 4515d, the 
5 inverters 4510p, 4510q, and 4510r, the asynchronous reset double edge flip-flop 
4530a, and the XNOR gate 4525b interact to generate constant width delay 
pulses rise_delayjplu3 and rise_delayb j)lus. The constant width delay pulses 
rise_delay_plus and rise_delayb j)lus are preferably generated using a clock 
XCLK delayed. The dock XCLK_delayed may be any ntunber of clocks suitable 

10 for use in the dock resynchronization circuit 4405. In a preferred embodiment, 
as illustrated in FIGS. 48 and 49, the dock XCLK delayed is further delayed 
from the clock reference XCLK. The extra clock delay may be generated using 
any method for creating an extra dock delay. In a preferred embodiment, the 
extra clock delay is generated by feeding the dock signal XCLK through the 

15 NAND gates 4515a and 4515b and the inverters 4510a, 4510b, 4510c, 4510d, 
4610e, 4510f, 4510g, 4510h, 4510i, and 4510j. The extra dock delay preferably 
allov/s the two sets of constant delayed non-overlapping docks XCLK and 
XCLK_delayed to be generated on each clock edge of an input dock. The two 
sets of constant delayed docks XCLK and XCLK_delayed are preferably used to 

20 achieve the clocking scheme utilized in the firont-end circuit 310. 

The constant width pulses rise_delay and rise_delayb and the constant 
width delay pulses rise_delayjplus and rise_delaybjplus may be utilized for any 
suitable purpose within the dock resynchronization circuit 4405. In a preferred 
embodiment, the constant width pulses rise_delay and rise_delayb and the 

25 constant width delay pulses rise_delay_j)lus and rise_delayb_plus are preferably 
utUized to ensure that the switches within the front^end drcuit 310 have 
adequate time to turn off before additional switches within the front-end circuit 
310 are turned on. 

In a preferred embodiment, the dock resynchronization circuit 4405 

30 further receives input dock signals phadb_in, phsb_in, phsib_in, and phzb_in 
from the multiphase clock generator 4403. The input clock signals phadb_in, 
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phsb_in, phsib_in, and phzb_in may be used for any suitable purpose within the 
dock resynchronization circuit 4405. In a preferred embodiment, the input dock 
signals phadb_in, phsb_in, phsib_in, and phzb^ia are latched in the double edge 
flip-flops 4535g, 4535h, 45351, and 4530h, respectively, on every rising edge and 
5 falling edge of the input dock signal XCLK to create latched dock signals 
phadb_latched, phsb^latched, phsib__latched, and phzb_latdied. In a preferred 
embodiment, the input clock signals phadb_in, phsb_in, phsibjn, and phzb_in 
are latched in the double edge flip-flops 4635g, 4535h, 45351, and 4530h to 
remove ^tches from the input dock signals phadb_in, phsb_in, phsib_in, and 
10 phzb^in. 

The latched clock signals phadb^latched, phsb^latched, phsib_latched, and 
phzb_latched may be used for any suitable purpose within the clock 
resynchronization circuit 4405. In a preferred embodiment, the latched dock 
signals phadb_latched, phsb_latched, phsib_latched, and phzb_latched provide 

15 stable signals for the dock resynchronization drcuit 4405* In a preferred 
embodiment, the latched clock signals phadb^latched, phsb^latched, 
phsib_latched, and phzb_latched are sent to NOR gate feedback pairs 4525x and 
4525y, 4525z and 4525aa, 4525bb and 4525cc, and 4525dd and 4525ee, 
respectively, along with the constant width pulse rise_delayb. The NOR gate 

20 feedback pairs 4525x and 4525y, 4525z and 4525aa, 4525bb and 4525cc, and 
4525dd and 4525ee, preferably convert the latched input signals phadb latched, 
phsb latched, phsib_latched, and phzb latched into signals phad delayed, 
phs_delayed, phsi^delayed, and phz_delayed. The signals phad_delayed, 
phs_delayed, phsi_delayed, and phz_delayed are preferably processed within the 

25 dock resynchronization drcuit 4405 to create the output signals phadb delayed, 
phsb delayed, phsib^delayed, and phzb_delayed. The output signals 
phadb^delayed, phsib delayed, and phzb_delayed are preferably used by the dock 
resynchronization circuit 4405 to control the switches pha, phs, and phz, 
respectively, in the firont-end circuit 310. The NOR gate feedback pairs 4525x 

30 and 4525y, 4525z and 4525aa, 4525bb and 4525cc, and 4525dd and 4525ee 

preferably utilize the constant width pulse rise_delayb to ensure that the output 



wo 00/55593 



PCT/USOO/40038 



signals phadb^delayed, phsib_delayed, and phzb_delayed turn off the switches 
pha, phSy and phz in the front^nd circuit 310, if required, before the dock 
res}nichronization circuit 4405 sends one or more signals to turn on switches 
within the front-end circuit 310. In a preferred embodiment, the latched clock 
5 signals phadb^latched, phsb^latched, phsib_latched, and phzb_latched are sent to 
an input A into the NOR gates 4525y, 4525aa, 4525cc, and 4525ee within the 
NOR gate feedback pairs 4525x and 4525y, 4525z and 4525aa, 4525bb and 
4525cc, and 4525dd and 4525ee, respectively. Additionally, signals inter_nodel2, 
inter_nodel3, inter__nodel4, and inter__nodel5 are preferably sent from an 

10 output Y of the NOR gates 4525x, 4525z, 4525bb, and 4525dd to an input B into 
the NOR gates 4525y, 4525aa, 4525cc, and 4525ee, respectively. The signals 
niter_nodel2, inter_nodel3, inter_nodel4, and inter_nodel5 may be any niunber 
of signals suitable for use in the clock resjoichronization circuit 4405. The NOR 
gates 4525y, 4525aa, 4525cc, and 4525ee preferably process the latched clock 

15 signals phadb_latched, phsb^latched, phsib_latched, and phzb_latched along with 
the signals inter__nodel2, inter_nodel3, inter_nodel4, and inter_nodel5 to create 
the signals phad_delayed, phs_delayed, phsi_delayed, and phz_delayed. 

During the processing of the latched input signals phadb^latched, 
phsb^latched, phsib_latched, and phzb latched, feedback signals 4540a, 4540b, 

20 4540c, and 4540d are preferably sent from the NOR gates 4525y, 4525aa, 4525cc, 
and 4525ee to the NOR gates 4525x, 4525z, 4525bb, and 4525dd, respectively. 
The feedback signals 4540a, 4540b, 4540c, and 4540d preferably correspond to 
the signals phad_delayed, phs^delayed, phsi^delayed, and phz_delayed. The 
feedback signals 4540a, 4540b, 4540c, and 4540d from the NOR gates 4625y, 

25 4525aa, 4525cc, 4525ee to the NOR gates 4525x, 4525z, 4525bb, and 4525dd may 
be utilized for any suitable purpose within the clock resynchronization circuit 
4405. In a preferred embodiment, the feedback signals 4540a, 4540b, 4540c, and 
4540d are provided to ensure that switches within the front-end circuit 310 
remain imchanged when the current latched raput signals phadb_latched, 

30 phsb latched, phsib latched, and phzb_latched to the NOR gates 4525y, 4525aa, 
4525cc, and 4525ee are the same as the previous latched input signals 
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phadb^latched, phsb_latched, phsib_latched, and plizb_latched to the NOR gates 
4525y, 4525aa, 4525cc, and 4525ee. 

In a preferred embodiment, the dock resynchronization circuit 4405 
further receives input clock signals phdb_in, phub in, ph_tcb_in, ph_bcb_in, 
5 phgb^in, phsub_in, phsim_in, phxbufb^in, phloopb_in, phfb in, and phsgb_in 
from the digital signal generator 4403. The input clock signals phdb_in, phub_in, 
ph_tcb_in, ph bcb in, phgb in, phsub_in, phsim_in, phxbufb in, phloopb_in, 
phfb_in, and phsgb_in may be used for any suitable purpose within the clock 
resynchronization circuit 4405. In a preferred enobodiment, the input clock 

10 signals phdb in, phub in, ph_tcb_in, ph bcb in, phgb in, phsub in, phsim in, 
phxbufb_in, phloop in, phfb_in, and phsgb_in are latched in the double edge flip- 
flops 4535a, 4535b, 4530b, 4530c, 4530d, 4535c, 4530e, 4535d, 4535e, 4535f, and 
4530f, respectively, on every rising edge and falling edge of the dock signal 
XCLK_delayed to create latched clock signals phdb_latched, phub_latched, 

16 ph_tcb_latched, phjbcb_latched, phgb^latched, phsub^latched, phsim^latched, 
phxbuflj^latched, phloopb_latched, phft)_latched, and phsgb_latched. 

The latched clock signals phdb_latched, phub^latched, ph_tcb_latched, 
ph_bcb_latched, phgb_latched, phsub_latched, phsim_latched, phxbufl)_latched, 
phloopb^latched, phfl3_latched, and phsgb_latched may be used for any suitable 

20 purpose within the clock resynchronization circuit 4405. In a preferred 

embodiment, the latched signals phdb_latched, phub_latched, ph_tcb_latched, 
ph bcb latched, phgb latched, phsub latched, phxbufl>_latched, 
phloopb^latched, phfb_latched, and phsgb_latched are sent to NOR gate feedback 
pairs 4525c and 4525d, 4525e and 4525f, 4525g and 4525h, 45251 and 4525j, 

25 4525k and 45251, 4525m and 4525n, 4525o and 4525p, 4525q and 4525r, 4525s 
and 4525t, and 4525u and 4525v, respectively, along with the constant width 
pulse rise_delayb_j)lus. The NOR gate feedback pairs 4525c and 4525d, 4525e 
and 4525f, 4525g and 4525h, 45251 and 4525j, 4525k and 45251, 4525m and 
4525n, 4525o and 4525p, 4525q and 4525r, 4525s and 4525t, and 4525u and 

30 4525v preferably convert the latched input signals phdb_latched^ phub_latched, 
ph_tcb_latched, phj)cb_latched, phgfb^latched, phsub^latched, phxbuft)_latched, 
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phloopb_latched, phfb^latched, and phsgbjatched into signals phd_delayed, 
phu delayed, ph_tc_delayed, ph_bc_delayed, phg_delayed, phsu^delayed, 
phxbuf delayed, phloop_delayed, phf^delayed, and phsg_delayed. The s^als 
phd delayed, phu delayed, ph^tc delayed, ph^bc delayed, phg delayed, 
5 phsu delayed, phxbuf^delayed, phloop^delayed, phf delayed, and phsg_delayed 
are then preferably processed within the dock resynchronization drcuit 4405 to 
create the output signals phdb^delayed, phub delayed, ph tcb delayed, 
ph_bcb_delayed, phgb delayed, phsub delayed, phxbufb_delayed, 
phloopb delayed, phfb^delayed, and phsgb_delayed. The clock re^chronization 

10 circuit 4405 preferably uses the output signals phdb delayed, phub delayed, 
ph_tcb_delayed, ph_bcb_delayed, phgb^delayed, phsub delayed, 
phxbufb^delayed, phloopb_delayed, phfb delayed, and phsgb_delayed to control 
the switches phdl and phd2, phul and phu2, phtc, phbc, phgl and phg2, phsul 
and phsu2, phxbuf, phloop, phf, and phsg, respectively, in the front^nd circuit 

15 310. In a preferred embodiment, the latched clock signal phsimjatched is sent 
to a NAND gate feedback pair 4515e and 4515f along with the constant width 
delay pulse rise_delay_plus. The NAND gate feedback pair 4515e and 4515f 
preferably converts the latched signal phsim_latched into the output signal 
phsim_delayed. The output signal phsim_delayed is preferably used by the clock 

20 resynchronization drcuit 4405 to control the switch phsim in the front-end 
drcuit 310. The NOR gate feedback pairs 4525c and 4525d, 4525e and 4525f, 
4525g and 4525h, 4525i and 4525j, 4525k and 45261, 4525m and 4525n, 4525o 
and 4525p, 4525q and 4525r, 4525s and 4525t, and 4525u and 4525v, preferably 
utilize the constant width pulse riBe_delayb j)lus to ensure that the output 

25 signals phdb_delayed, phub^delayed, ph tcb delayed, ph_bcb_delayed, 

phgb delayed, phsub_delayed, phxbufb delayed, phloopb^delayed, phfb delayed, 
and phsgb delayed turn ofif the relevant switches in the frontrend drcuit 310 
before the clock resynchronization drcuit 4405 sends a signal to turn on relevant 
switches within the fronl^end drcuit 310. The NAND gate feedback pair 4515e 

30 and 4515f preferably utilizes the constant width delay pulse rise_delay_plus to 
ensure that the output signal phsim_delayed turns off the relevant switch in the 
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front-end circuit 310 before the dock res3nichronization circuit 4405 sends a 
signal to turn on other relevant switches within the front^end circuit 310. 

In a preferred embodiment^ the latched clock signals phdb_latched, 
phub_latched, ph_tcb_latched, ph_bcb_latched, phgb^latched, phsub^latched, 
5 phxbufb_latched, phloopb_latched, phfb^latched, and phsgb_latched are sent to 
an input A into the NOR gates 4525d, 4525f, 4525h, 4525j, 45251, 4525n, 4525p, 
4525r, 4525t, and 4525v within the NOR gate feedback pairs 4525c and 4525d, 
4525e and 4525f, 4525g and 4525h, 45251 and 4525j, 4525k and 45251, 4525m 
and 4525n, 4525o and 4525p, 4525q and 4525r, 4525s and 4525t, and 4525u and 

10 4525v, respectively. Additionally, signals inter_nodel, inter_node2, inter_node3, 
inter_node4, intCT_node5, inter_node6, inter_node8, inter_node9, inter_nodelO, 
and inter_nodell are preferably sent from an output Y of the NOR gates 4525c, 
4525e, 4525g, 45251, 4525k, 4525m, 4525o, 4525q, 4525s, and 4525u to an input 
B into the NOR gates 4525d, 4525f, 4525h, 4525j, 45251, 4525n, 4525p, 4525r, 

15 4525t, and 4525v, respectively. The signals inter_nodel, inter_node2, 

inter_node3, inter_node4, inter_node5, inter_node6, inter_node8, inter_node9, 
inter_nodelO, and inter_nodell may be any nmnber of signals suitable for use in 
the clock resynchronization circuit 4405. The NOR gates 4525d, 4525f, 4525h, 
4525j, 45251, 4525n, 4525p, 4525r, 4525t, and 4525v preferably process the 

20 latched dock signals phdb__latched, phub_latched, ph_tcb_latched, 
phjbcb_latched, phgb_latched, phsub_latched, phxbu£b_latched, 
phloopb_latched, phfb__latched, and phsgb latched along with the signals 
inter_nodel, inter_node2, inter_node3, inter_node4, inter_node5, inter_node6, 
inter^nodeS, inter nodeQ, inter_nodelO, and inter_nodell, respectively, to create 

25 the signals phd_delayed, phu^delayed, ph_tc_delayed, ph_bc_delayed, 

phg_delayed, phsu^delayed, phxbuf_delayed, phloop_delayed, phf^delayed, and 
phsg_delayed. 

During the processing of the latched input signals phdb_latched, 
phub_latched, ph_tcb_latched, phjbcb latched, phgb_latched, phsub_latched, 
30 phsun_latched, phxbufb_latched, phloopb_latched, phfb^latched, and 

phsgbjatched, feedback signals 4540e, 4540f, 4540g, 4540h, 4540i, 4540j, 4540k, 
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45401, 4540m, and 4540n are preferably sent from the NOR gates 4625d, 4525f, 
4525h, 4625j, 45251, 4525n, 4525p, 4525r, 4525t, and 4525v, to the NOR gates 
4525c, 4525e, 4525g, 4525i, 4525k, 4525m, 4525o, 4525q, 4525s, and 4525u, 
respectively. The feedback signals 4540e, 4540f, 4540g, 4540h, 4540i, 4540j, 
5 4540k, 45401, 4540m, and 4540n preferably correspond to the signals 
phd delayed, phu delayed, ph tc delayed, ph^bc delayed, phg delayed, 
phsu^delayed, phxbuf delayed, phloop^delayed, phf_delayed, and phsg_delayed, 
respectively. The feedback signals 4540e, 4540f, 4540g, 4640h, 4540i, 4540j, 
4540k, 45401, 4540m, and 4540n from the NOR gates 4525d, 4525f, 4525h, 4525j, 

10 45251, 4525n, 4525p, 4525r, 4525t, and 4525v, to the NOR gates 4525c, 4525e, 
4525g, 45251, 4525k, 4525m, 4525o, 4525q, 4525s, and 4525u may be utilized for 
any suitable purpose within the dock resynchronization circuit 4405. In a 
preferred embodiment, the feedback signals 4540e, 4540f, 4540g, 4540h, 45401, 
4540j, 4540k, 45401, 4540m, and 4540n are provided to ensure that switches 

15 within the front-end circuit 310 remain unchanged when the current latched 
input signals phdb^latched, phub_latched, ph_tcb_latched, ph_bcb_latched, 
phgb_latdied, phsub_latched, phxbufb^latched, phloopb^latched, phfb_latched, 
and phsgb_latched to the NOR gates 4525d, 4525f, 4525h, 4525j, 45251, 4525n, 
4525p, 4525r, 4525t, and 4525v are the same as the previous latched input 

20 signals phdb_latched, phub_latched, ph_tcb_latched, phjbcb^latched, 

phgb_latched, phsub_latched, phxbufb_latched, phloopb^latched, phfb_latched, 
and phsgbjatched to the NOR gates 4525d, 4525f, 4525h, 4525j, 45251, 4525n, 
4525p, 4525r, 4525t, and 4525v. 

In a preferred embodiment, the latched clock signal phsim_latched is sent 

25 to an input A into the NAND gate 4515f within the NAND gate feedback pair 
4515e and 4515f. Additionally, a signal inter node? is preferably sent from an 
output Y of the NAND gate 4515e to an input B into the NAND gate 4515f The 
signal inter_node7 may be any number of signals suitable for use in the clock 
resynchronization circuit 4405. The NAND gate 4515f preferably processes the 

30 latched dock signal phsim_latched along with the signal inter_node7 to create 
the output signal phsim_delayed. 
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During the processing of the latched input signal phsim^latched^ a 
feedback signal 4540o is preferably sent from the NAND gate 4515f to the NAND 
gate 4515e. The feedback signal 4540o preferably corresponds to the signal 
phsim_delayed. The feedback signal 4540o from the NAND gate 4515f to the 
5 NAND gate 4515e may be utilized for any suitable purpose within the clock 
resynchronization circuit 4405. In a preferred embodiment, the feedback signal 
4540o is provided to ensure that the switch phsim within the front-end circuit 
310 remains unchanged when the current latched input signal phsim_latched to 
the NAND gate 4515f is the same as the previous latched input signal 

10 phsimjatched to the NAND gate 4515f. 

The asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 4535d, 
4535e, 4535f, 4535g, 4535h, and 45351 may process input signals using any 
metliod suitable for processing input signals* In a preferred embodiment, the 
operation of the asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 

15 4535d, 4535e, 4535f, 4535g, 4535h, and 45351 is dependent on the level of the 
input dock signal CLK. When the input clock CLK is set hi^, the transmission 
gates 4620a, 4620e, and 4620f are preferably turned ofFwhfle the transmission 
gates 4620b, 4620c, and 4620d are preferably turned on. 

The inverter 4610a and the transmission gate 4620b preferably provide 

20 local feedback for the NOR gate 4615a. When a set input S and the input clock 
signal CLK into the asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 
4535d, 4535e, 4535f, 4535g, 4535h, and 45351 are set high, the feedback from the 
transmission gate 4620b to the NOR gate 4615a preferably provides an input B 
into the NOR gate 4615a« The set input S may be any niunber of inputs suitable 

25 for use in the asjnichronous set double edge flip-flops 4535a, 4535b, 4535c, 
4535d, 4535e, 4535f, 4535g, 4535h, and 45351. In a preferred embodiment, the 
set input S is the input signal synch jreset* In a preferred embodiment, the set 
input S provides the input B to match an input A into the NOR gate 4615a. 
When the set input S is low and the input dock signal CLK is low, the feedback 

30 from the transmission gate 4620b preferably reinforces an input D into the NOR 
gate 4615a after the rising edge of the cloci input CLK. The inputs D into the 
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asynchronous set double edge ffip-flops 4535a, 4535b, 4535c, 4535d. 4535e, 
4535f, 4635g, 4535h, and 45351 preferably correspond to the input signals 
phdb_in, phub_in, phsub_in, phxbufb_in, phloopb_in, phfb_in, phadb_in, 
phsb in, and phsib in, respectively. 
5 On the rising edge of the dock input CLK, the transmission gates 4620a, 

4620f, and 4620e preferably turn ofiFat substantially the same time that 
transmission gates 4620b, 4620c and 4620d turn on. As a result, the input D 
into the asynchronous set double edge ffip-flops 4535a, 4535b, 4535c, 4535d, 
4535e, 4535f, 4535g, 4535h, and 4535i is preferably disconnected from the NOR 
10 gate 4615a input B at substantially the same time that the inverter 4610a output 
Y is connected to the input B. In this embodiment, the NOR gate 4615a, the 
inverter 4610a, and the transmission gates 4620a and 4620b preferably form a 
level-sensitive latch J. The input B into the NOR gate 4615a within the level- 
sensitive lateh J is preferably provided as a feedback stream from the inverter 
15 4610a and the transmission gate 4620b when the input dock signal CLK is high. 
The output Y from the inverter 4610a may be used for any suitable purpose 
^thin the asyndironous set double edge ffip-flops 4535a, 4536b, 4535c 4535d. 
4536e, 4535f. 4535g, 4535h, and 45351. In a preferred embodiment, the output Y 
from the inverter 4610a reinforces the set input S into the double edge ffip-flop 
20 4535a when the input S is high. In another preferred embodiment, the output Y 
from the inverter 4610a reinforces the input D into the double edge ffip-flop 
4535a when the set input S is low. The output from the level-sensitive lateh J is 
preferably passed through the transmission gate 4620c when the input dock 
signal CLK is high, and is provided to the input A to the inverter 4610b. The 
25 mverter 4610b preferably converts the output from the level-sensitive latdi J 
into the output Q. The output Q is preferably held substantially constant mitU 
the next dock edge of the clock input CLK. 

On the falling edge of the dodc signal CLK, tbe transmission gate 4620d 
preferably t«ms off, disconnecting ihe input D into the asyndironous set double 
80 edge ffip-flops 4535a, 4535b, 4535c 4635d. 4535e. 4535f, 4535g, 4535h, and 4535i 
from the input B into the NOR gate 4615b. The transmission gate 4620c 



wo 00/55593 



PCT/USOO/40038 



preferably turns off, disconnecting the NOR gate 4615a in the level-sensitive 
latch J from driving the output Q. The transmission gates 4620e and 4620f 
preferably turn on. In a preferred embodiment, the NOR gate 4615b, the 
inverter 4610c, and the transmission gates 4620d and 4620e work together to act 
5 as a second level-sensitive latch K in parallel with the level-sensitive latch J. The 
latch K preferably works on an inverted version of the dock signal CLK on which 
latch J works. The output from the level-sensitive latch K is preferably passed 
through the transmission gate 4620f when the input clock signal CLK is low, and 
is provided to the input A to the invertw 4610b. The inverter 4610b preferably 
10 converts the output from the level-sensitive latch K into the output Q. The 

output Q is preferably held substantially constant until the next dock edge of the 
dock input CLK 

The input D into the asynchronous set double edge flip-flops 4535a, 4535b, 
4535c, 4535d, 4535e, 4535f, 4535g, 4535h, and 45351 preferably translates to the 

15 output Q on every edge of the dock input CLK when the set input S is low. 

The outputs Q from the as3nichronous set double edge flip-flops 4535a, 
4535b, 4535c, 4535d, 4535e, 4535f, 4535g, 4535h, and 45351 preferably 
correspond to the latched signals phdb_latched, phub_latched, phsub^latched, 
phxbufb_latched, phloopb^latched, phfb^latched, phadb latched, phsb_latched, 

20 and phsib latched, respectively. 

The asynchronous reset double edge flip-flops 4530a, 4535b, 4530c, 4530d, 
4530e, 4530f, 4530g, and 4530h preferably receive reset inputs R and digital data 
inputs D, and provide digital data outputs Q. The reset inputs R may be any 
niunber of inputs siiitable for use in the asynchronous reset double edge flip-flops 

25 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h. In a preferred 
embodiment, the reset input R is the input signal synch reset. The digital data 
inputs D may be any number of inputs suitable for use in the asynchronous reset 
double edge flip-flops 4530b, 4530c, 4530d, 4530e, 4530f, and 4530h. In a 
preferred embodiment, the digital data inputs D into the as3nichronous reset 

30 double edge flip-flops 4530b, 4530c, 4530d, 4530e, 4530f, and 4530h correspond 
to the input signals ph_tcb_in, ph_bcb_rn, phgb_in, phsim_in, phsgb_in, and 
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phzb_in, respectively. The asynchronous reset double edge flip-flops 4530a, 
4630b, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h may process the input 
signals D and R using any method stiitable for processing uiput signals in a 
double-edge flip-flop. In a preferred embodiment, the operation of the 
5 asynchronous reset double edge flip-flops 4530a, 4530b, 4530c, 4530d, 4530e, 
4530f, 4530g, and 4530h is dependent on the level of the input clock signal CLK. 

The inverter 4710a and the transmission gate 4720b preferably provide 
local feedback for the NAND gate 4715a. When the reset input R and the input 
dock signal CLK are high, the feedback from the transmission gate 4720b to the 

10 NAND gate 4715a preferably provides an input B into the NAND gate 4715a. In 
a preferred embodiment, the reset input R provides the input B to match an 
input A into the NAND gate 4715a, When the reset input R is low and the input 
dock signal CLK is low, the feedback from the transmission gate 4720b 
preferably reinforces the input D into the NAND gate 4715a after the rising edge 

15 of the clock input CLK. 

On the rising edge of the clock input CLK, the transmission gates 4720a, 
4720f , and 4720e preferably turn off at substantially the same time that 
transmission gates 4720b, 4720c, and 4720d turn on. As a result, the input D 
into the asynchronous reset double edge flip-flop 4530a is preferably 

20 disconnected from the NAND gate 4715a input B at substantially the same time 
that the inverter 4710a output Y is connected to the input B. In this 
embodiment, the NAND gate 4715a, the inverter 4710a, and the transmission 
gates 4720a and 4720b preferably form a level-sensitive latch L. The input B 
into tiie NAND gate 4715a within the level-sensitive latch L is preferably 

25 provided as a feedback stream from the inverter 4710a and the transmission gate 
4720b when the input dock signal CLK is high. The output Y from the inverter 
4710a may be used for any suitable purpose within the as3aichronous reset 
double edge fhp-flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 
4530h. In a preferred embodiment, the output Y from the inverter 4710a 

30 reinforces the reset input R into the asjnichronous reset double edge fhp-flop 

4535a when the input R is high. In another preferred embodiment, the output Y 
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from the inverter 4710a reinforces the input D into the asjnichronoiis reset 
double edge jflip-flop 4530a when the reset input R is low. The output from the 
level-sensitive latch L is preferably passed through the transmission gate 4720c 
when the input clock signal CLK is high, and is provided to the input A to the 
5 inverter 4710b. The inverter 4710b preferably converts the output from the 
level-sensitive latch L into the output Q. The output Q is preferably held 
substantially constant imtil the next dock edge of the dock input CLK. 

On the falling edge of the clock signal CLK, the transmission gate 4720d 
preferably turns off, disconnecting the input D into the as3mchronous reset 

10 double-edge flip-flop 4530a from the input B into the NAND gate 4715b. The 
transmission gate 4720c preferably turns off, disconnecting the NAND gate 
4715a in the level-sensitive latch L from driving the output Q. The transmission 
gates 4720e and 4720f preferably turn on. In a preferred embodiment, the 
NAND gate 4715b, the inverter 4710c, and the transmission gates 4720d and 

15 4720e work together to act as a second level-sensitive latch M in parallel with the 
level-sensitive latch L. The latch M prefwably works on an inverted version of 
the dock signal CLK on which latch L works. The output from the level- 
sensitive latch M is preferably passed through the transmission gate 4720f when 
the input clock signal CLK is low, and is provided to the input A to the inverter 

20 4710b. The inverter 4710b preferably converts the output from the level- 
sensitive latch M into the output Q. The output Q is preferably held 
substantially constant until the next dock edge of the clock input CLK. 

The input D into the asynchronous reset double edge flip-flops 4530a, 
4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h preferably translates to the 

25 output Q on every edge of the dock input CLK when the reset input R is low. 

In a preferred embodiment, the outputs Q from the asynchronous reset 
double edge flip-flops 4530b, 4530c, 4530d, 4530e, 4530f, and 4530h correspond 
to the latched signals ph_tcb_latched, phjt)cb_latched, phgb_latched, 
phsim_latched, phsgb^latched, and phzbjatched, respectively. 

30 The communication interface 4410 preferably operably couples the clock 

resynchronization circuit 4405 and the digital signal generator 4403. The 



wo 00/55593 



PCTAJSOO/40038 



communication interface 4410 may include any nimiber of conventional 
commercially available conmnmication interfaces suitable for transmitting the 
clock signals from the digital signal generator 4403 to the dock 
resynchronization circuit 4405. In a preferred embodiment, the commtmication 
5 interface includes a plurality of metal traces running across the substrate 4415. 

The substrate 4415 may include any number of conventional commerdaUy 
available materials suitable for forming a substrate from which the clock 
resynchronization circuit 4405 and tite digital signal generator 4403 may be 
fabricated. In a preferred embodiment, the substrate 4415 is a silicon p-type 
10 substrate. 

For circuits with time-division multiplexing of analog.signals, the duty 
cyde of each signal preferably must be fixed while still providing the non-overlap 
of signal soiurces. The conventional manner of providing non-overlapping dock 
signals is through the use of cross-coupled gates. For clocking signals that 

15 indude data, using cross-coupled gates typically causes the non-overlapping 
signals to have a data dependent duly cyde. A data dependent duty cyde is 
typically not critical for most switched-capadtor circuits as long as a satisfactory 
settling time is provided for the circuit. However, for circuits that create a signal 
strength or reaction that is relative to the amoimt of time the analog switch is 

20 enabled, a data dependent duty cyde typically can create distortion in the signal 
or reaction. Minor changes in duty cyde of the dock signals driving switches on 
a drcuit with an analog front-end (AFE), such as, for example, the front>-end 
drcuit 310, can typically cause signal distortion. The non-overlapping docks 
typically must be fixed with respect to a high precision/low jitter dock edge so 

25 that the duty cycle of the time-division multiplexed dock signals are not data 
dependent. The clock signals driving the analog switches such as, for example, 
the switches phsul, phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, 
phs, phf, phloop, phsim, phxbuf, phz, and pha in the front-end circuit 310 
typically must be low noise signals having both a fixed duty cyde and sharp 

30 edges. The original signals may be generated ia a digital area, such as, for 

example, the digital signal generator 4403, where substrate noise is typically less 
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critical. The clock resynchronization circuit 4405 may, for example, be used to 
resample the clock signals generated in the digital signal generator 4403, create 
the fixed duty cycle non-overlap, and drive the switches phsul, phsu2, phul, 
phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, phs, phf, phloop, phsim, phxbuf, 
5 phz, and pha vdth the sharp edged signals. By ressmchroxiizing the signals in the 
dock resynchronization circuit 4405 using different supplies, the DC on values of 
the clock signals are preferably less likely to have digital noise from either the 
supply or the substrate 4415* 

The digital signal generator 4403 preferably uses cross-coupled gates to 

10 generate the non-overlapping dock signals. The clock signals may, for example, 
change on either a rising or falling edge of the clock, which typically makes them 
susceptible to gUtches in the dock generation when the clock signals are 
generated using level-sensitive latches. The clock signals from the digital signal 
generator 4403 are preferably routed across the substrate 4415 to the clock 

15 resynchronization circuit 4405. The routing of the clock signals across the 
substrate 4415 typically introduces gUtches or noise into the dock signals. To 
help alleviate the problem of ^tches and noise in the dock signals, the dock 
resynchronization circuit 4405 preferably uses the asynchronous reset double 
edge flip-flops 4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, 4530h and the 

20 asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 4535d, 4535e, 
4535f, 4535g, 4535h, 45351 to restore signal integrity. 

The asynchronous reset double edge flip-flops 4530a, 4530b, 4530c, 4530d, 
4530e, 4530f, 4530g, 4530h and the asynchronous set double edge flip-flops 
4535a, 4535b, 4535c, 4535d, 4535e, 4535f, 4535g, 4535h, 45351 preferably sample 

25 the signals on both the rising edge and the falling edge of a delayed clock to 
provide signal alignment and reduce signal glitches causing signal integrity 
problems. In a preferred embodiment, a dock edge is used to turn ofT the 
switches phsul, phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, 
phs, phf, phloop, phsim, phxbiif, phz, and/or pha in the front-end circuit 315. In 

30 a preferred embodiment, a fixed delay from the clock edge is used to turn on the 
switches phsul, phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, 
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phs, phf, phloop, phsim, phxbuf, phz, and/or pha in the front-end circuit 315. 
The use of the clock edge and the fixed delay preferably ensiu*es a non-overlap 
and a fixed duiy cycle for each clock signal. Similarly, for signals requiring a 
cascading effect of non-overlap, the delay dock preferably incorporates a larger 
5 local delay and drives the same type of non-overlapping sampling circuit. 

In a preferred embodiment, the asynchronous reset double edge flip-flops 
4530a, 4530b, 4530c, 4530d, 4530e, 4530f, 4530g, and 4530h and the 
asynchronous set double edge flip-flops 4535a, 4535b, 4535c, 4535d, 4535e, 
4535f, 4535g, 4535h, and 45351 resynchronize input signals to create fixed-delay, 

10 non-overlapping signals. The fixed delay is preferably generated by creating the 
constant width pulses rise_delay and rise_delay_plus. The constant vddth piilses 
rise_delay and rise_delayj>lus are preferably used to determine how large the 
fixed non-overlap delay should be with respect to the incoming clock edge. The 
sampled signals used to turn off the switches phsul, phsu2, phul, phu2, phdl, 

15 phd2, phgl, phtc, phbc, phg2, phsg, phs, phf, phloop, phsim, phxbuf, phz, and/or 
pha are preferably driven to the off position on the rising edges of the constant 
width pulses rise_delay and rise_delay_plus. The sampled signals used to turn on 
the switches phsul, phsu2, phul, phu2, phdl, phd2, phgl, phtc, phbc, phg2, phsg, 
phs, phf, phloop, phsim, phxbuf, phz, and pha are preferably driven to the on 

20 position on the falling edges of the constant width pulses rise_delay and 
rise_delay_plus. 

Referring to FIGS. 45a, 45b, 45c, 45d, 45e, and 48, an exemplary 
embodiment of the creation and use of a fixed-delay, non-overlapping signal will 
now be described. In a preferred embodiment, the input signal ph_tcb__in is 

25 received by the asynchronous reset double edge flip-flop 4530b within the clock 
resjaichronization circuit 4405 on an edge of the clock signal XCLK_delayed. 
The input signal ph_tcb_in is preferably processed within the dock 
resynchronization circuit 4405 along with the constant width delay pulse 
rise_delay_j)lus to create the output signal ph_tcb_delayed. In a preferred 

30 embodiment, the output signal ph_tcb_delayed is used to control the switch phtc 
in the front-end circuit 310 by driving the switch phtc to an on or off position. 
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The output signal ph_tcb_delayed, when necessary, preferably drives the switch 
phtc in the frontrend circuit 310 to the off position on the rising edge of the 
constant width delay pulse rise_delay_plus. The output signal ph tcb delayed, 
when necessary, preferably drives the switch phtc in the front-end circuit 310 to 
5 the on position on the falling edge of the constant width delay pulse 

rise_delay_plus. A substantially identical process is used to process the input 
signals phdb_in, phub_in, phjbcb_in, phgb_in, phsub_in, phsim^in, phxbufb in, 
phloopb_in, plifb_in, and phsgb_in to create the output signals phdb_delayed, 
phub delayed, phjbcb delayed, phgb delayed, phsub delayed, phsim^delayed, 

10 phxbufb delayed, phloopb_delayed, phfb__delayed, and phsgb_delayed, 

respectively. The output signals phdb^delayed, phub_delayed, ph_bcb_delayed, 
phgb_delayed, phsub_delayed, phsim_delayed, phxbufb delayed, 
phloopb^delayed, phfb_delayed, and phsgb_delayed are preferably used to control 
the switches phdl and phd2, phul and phu2, phbc, phgl and phg2, phsul and 

15 phsu2, phsim, phxbuf, phloop, phf, and phsg in the front-end circuit 310. The 
time lapse between the rising and falling edges of the constant width delay pulse 
rise_delay j)lus preferably creates a delay in the transmission of the output 
signals phdb delayed, phub_delayed, ph tcb delayed, phjbcb delayed, 
phgb delayed, phsub^delayed, phsim_delayed, phxbufb_delayed, 

20 phloopb_delayed, phfb^delayed, and plisgb_delayed from the clock 

resynchronization circuit 4405 to the frontrend circuit 310, The delay preferably 
ensures that the signals used to turn on the relevant switches in the front-end 
circuit 310 are non-overlapping with respect to the signals used to turn off the 
relevant switches in the front-end drcuit 310. The degree of non-overlap 

25 between ihe signals used to turn on the relevant switches in the front-end circuit 
310 and to turn off the relevant switches in the front-end circuit 310 is 
preferably determined by the width of the constant width delay pulse 
rise_delay_j)lus. In a preferred embodiment, the width of the constant width 
delay pulse rise_delay_plus is adjusted using extra gates in the feedback 

30 comparison path. 



on 
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Referring to FIGS. 45a, 45b, 45c, 45d, 45e, and 49, another exemplary 
embodiment of the creation of a fixed-delay, non-overlapping signal will now be 
described. In a preferred embodiment, the input signal phsib^in is received by 
the asynchronous set double edge flip-flop 4535i within the dock 
5 resynchronization circuit 4405 on an edge of the dock signal XCLK. The input 
sigaal phsib_in is preferably processed within the dock resynchronization circuit 
4405 along with the constant width delay pulse rise_delay to create the output 
signal phsib_delayed. In a preferred embodiment, the output signal 
phsib_delayed is used to control the switch phs in the front-end circuit 310, The 

10 output signal phsib_delayed, when necessary, preferably drives the switch phs in 
the fi-ont^end circuit 310 to an off position on the rising edge of the constant 
width pulse rise delay. The output signal phsib_delayed, when necessary, 
preferably drives the switch phs in the front-end circuit 310 to an on position on 
the falling edge of the constant width pulse rise_delay . A substantially identical 

15 process is used to process the input signals phab_in, phsb_in, and phzb_in in the 
dock resynchronization drcuit 4405 to create the output signals phab^delayed, 
phsb delayed, and phzb_delayed, respectively. The output signals phab_delayed 
and phzb_delayed preferably control the switches pha and phz, respectively, in 
the frontr-end circuit 310. The time lapse between the rising and falling edges of 

20 the constant width pulse rise_delay preferably creates a delay in the transmission 
of the output signals phsb_delayed, phab_delayed, phsib_delayed, and 
phzb_delayed from the dock res5aichronization circuit 4405 to the front-end 
circuit 310. The delay preferably ensiures that the signals used to turn off the 
relevant switches in the front-end circuit 310 are non-overlapping with respect to 

25 the signals used to turn on the relevant switches in the front-end circuit 310. 
The degree of non-overlap between the signals used to turn off the relevant 
switches in the front-end circuit 310 and to turn on the relevant switches in the 
front-end circuit 310 is preferably determined by the width of the constant width 
pulse rise delay. In a preferred embodiment, the width of the constant width 

SO pulse rise_delay is adjusted using extra gates ia the feedback comparison path. 
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Referring to FIG. 50, a method 5000 of controlling the operation of front- 
end circuit 310 will now be described. In a preferred embodiment, time-division 
multiplexing is used to control the front-end circuit 310. In a preferred 
embodiment, the method 5000 includes: generating a first clock signal in step 
5 5005, resampling the first clock signal to generate a second dock signal in step 
5010, and driving the front-end circuit 310 using the second clock signal in step 
5015. 

In a preferred embodiment, in step 5005 a first clock signal is generated. 
The first dock signal may be generated using any number of conventional 

10 commerdally available methods of generating a first clock signal such as, for 
example, using a state machine or a decoder. In a preferred embodiment, the 
first dock signals are generated in the digital signal generator 4403 within the 
multiphase clock generator 320. 

In a preferred embodiment, in step 5010 the first clock signal generated by 

15 the digital signal generator 4403 is resampled by the clock resynchronization 
circuit 4405 to generate a second dock signal. In a preferred embodiment, the 
first clock signal is transmitted from the digital signal generator 4403 to an 
analog signal generator, which resamples the first dock signal. The analog signal 
generator may include any number of conventional commerdally available signal 

20 generators suitable for generating the second dock signal. In a preferred 

embodiment, the analog signal generator is the dock resynchronization circuit 
4405. The clock res3aichronization circuit 4405 preferably incorporates edge 
sensitive double-edge fUp-flops that sample the signal on both the rising edge and 
falling edge of a delayed clock to reduce ihe likelihood of signal glitches causing 

25 signal integrity problems. In a preferred embodiment, the double edge flip-flops 
include the asynchronous reset double edge flip-flops 4530a, 4530b, 4530c, 
4530d, 4530e, 4530f, 4530g, and 4530h and the asyndironous set double edge 
flip-flops 4535a, 4535b, 4535c, 4535d, 4535e, 4535f, 4535g, 4535h, and 45351. 

In a preferred embodiment, in step 5015 the second clock signal is used to 

30 drive the front-end circuit 310. In a preferred embodiment, the clock 

resynchronization circuit 4405 sends the sampled signal to the front^end circuit 
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310 as the second dock signal. In a prefwred embodiment, a clock edge is used 
to turn off switches within the front-end circuit 310, and a fixed delay from the 
dock edge is used to turn on switches within the front-end circuit 310, In a 
preferred embodiment, the signals are non-overlapping signals with a fixed duty 



Referring to FIGS. 51 and 52, a system 5100 for simulating the output of 
the sensor 205 will now be described. In a preferred embodiment, the system 
5100 includes the sensor 205, the controller 206, the sensor simulator 330, and a 
switch 5105 for controllably connecting the sensor 205 to the controller 206 or 

10 the sensor simulator 330. 

The sensor 205 preferably converts a physical quantity of interest into an 
electrical quantity. The physical quantity of interest may include any phj^ical 
quantity such as, for example, acceleration, pressure, or temperature. In a 
preferred embodiment, the physical quantity of interest is acceleration. The 

16 electrical quantity into which the phj^ical quantity of interest is converted may 
be any electrical quantity such as, for example, resistance, capadtance, charge, 
voltage, or current. In a preferred embodiment, the electrical quantity is 
capadtance. 



20 during normal operation. Thesensor 205 may include any combination of non- 
electrical devices, integrated circuit and discrete circuit components. The sensor 
205 may include any number of conventional commerdally available transducers 
suitable for converting physical data into an electrical quantity such as, for 
example, integrated pressure sensors or integrated temperature sensors. In a 

25 preferred embodiment, the sensor 205 is a micromachined accelerometer with 
capadtive position sensing and electrostatic feedback forcing, the design of which 
is provided substantially as described in one or more of the following: United 
States Patent nmnber 5,852,242, and in United States patent application serial 
number , attorney docket niunber 14737.737, filed on 

30 , the disclosures of which are incorporated herein by 



5 



cycle. 



In a preferred embodiment, the sensor 205 is coupled to the controller 206 



reference. 
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The controller 206 is preferably coupled to the sensor 205 and controls the 
sensor 205 during normal operation. The controller 206 is preferably coupled to 
the sensor simulator 330 and controls the sensor simulator 330 during a test 
mode of operation. The controller 206 may include any combination of 
6 integrated circuit and discrete circuit components. The controller 206 may 
include any number of conventional commercially available controllers suitable 
for converting electrical input into a more convenient output data form such as, 
for example, an amplitude/frequency modulation, a PID controller, or a sigma- 
delta controller. In a preferred embodiment, the controller 206 is provided 

10 substantially as described above with reference to FIGS. 1-50. 

In a preferred embodiment, dining normal operation,, the controller 206 
determines the position of the measxurement mass 309 within the sensor 205 by 
applying voltages and electrostatic forces to the sensor 205 and measuring the 
effects of the voltages and the electrostatic forces on the variable capacitors CI 

15 and C2 within the sensor 205. In a preferred embodiment, the position of the 
measurement mass 309 within the sensor 205 is substantially indicative of the 
acceleration forces experienced by the sensor 205. The position of the 
measurement mass 309 within the sensor 205 is preferably conveyed to the 
controller 206 in the form of an electrical quantity. In a preferred embodiment, 

20 the controller 206 converts the electrical quantity indicative of the position of the 
measiurement mass 309 within the sensor 205 into an output signal of convenient 
magnitude, phase, and form such as, for example, voltage, current, or digital 
data. In a preferred embodiment, the controller 206 converts the electrical 
quantity indicative of the position of tJie measurement mass 309 within the 

25 sensor 205 into the voltage IMOD. 

The sensor simulator 330 preferably simulates the input^output relations 
of the sensor 205. In a preferred embodiment, the sensor simulator 330 is 
coupled to the controller 206 during the test mode of operation. The sensor 
simiilator 330 may include any combination of integrated circuit and discrete 

30 circuit components. In a preferred embodiment, as illustrated in FIG. 52, the 
sensor simulator 330 includes a filter 5205 and an input signal selector 5210. 
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The fflter 5205 preferabty receives one or mare input rigaab and 
genera.ee an output eignal Veim that ie representative of the operating mode of 
the sensor 206. The filter 5205 include any nun*er of conventional 
commercially available filters such as. for acample. a continuous-time analog 
6 filter, a switd.ed^tm- filter, or a digital filter. In a preferred embodiment 
the filter 5206 is a second order low-pass filter, implemented as a discret^time 
sntched-capadtor filter. 

The input signal selector 5210 prefaably selects the input signal as a 
fimctionoftheoperatingmodesimulatedhythefilter5205. Inapreferred 
10 embodiment, the output of the input signal selector 6210 is dependent on the 
operating mode specified by the filter 6206. In a preferred embodiment, the 
mpnt signal selector 5210 is an electrical switch. 

Referring to FIGS. 53. 54a. and 54b, a method 6300 of testing the output 
of the controller 206 «in now be described In a preferred embodiment, as 
16 iUustxatedin PIG. 53, the method 5300 of testing the output of the controller 206 
mctades: connecting the sensor simulator 330 to the controUer 206 in step 5305 
™PpWng electrical input to the sensor simulator 330 m step 5310. converting 
the input mto the sensor simulator 330 to electrical output in step 6316, sending 
the ou^t from the sensor simulat»r 330 to the controUer 206 in step 5320 
20 obtaining the output IMOD from the „nt«^er 206 in step 6325, and complring 
the output mOD from the controUer 206 with tie anticipated output m step 
6330. 

In a preferred embodiment, m step 6305 the sensor simulator 330 is 
connected to the controUer 206. The sensor shnulator 330 may be connected to 

26 the controUer 206 using any „umb« of methods suitable for connecting the 
sensor shnulator 330 and tie controUer 206. In a preferred embodiment as 
dlustrated in FIG. 54a and 64b. the sensor simulator 330 is electricaUy comiected 
to the contxoUer 206 by the electrical switch 5105. In apreferred embodiment 
as iUustrated in PIG. 54a, the switch 6105 comiecte the sensor 206 to the 

30 «>ntroUer206duringnormaloperationofthesensor205. In another preferred 
enAodiment, as iUustrated m PIG. 54b, the switch 5105 connects the sensor 
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simulator 330 to the controller 206 during the test mode of operation. The 
svdtch 5105 may be any number of conventional commercially available switches 
suitable for connecting the sensor 205 or the sensor simulator 330 to the 
controller 206 such as, for example, a DG613 analog switch or a SST211 
5 MOSFET. 

In a preferred embodiment, in step 5310 input is supplied to the sensor 
simulator 330. The input may be supplied by any number of sources suitable for 
suppl3dng input data to the sensor simulator 330 such as, for example, an analog 
oscillator, an external test soiirce, or a digital signal in memory. In a preferred 

10 embodiment, the sensor simulator 330 receives input data from an external test 
source and receives feedback information from the controller 206. In a preferred 
embodiment, the filter 5205 preferably receives one or more input data signals 
and uses the signals to determine the operating state of the sensor 205. The 
filter 5205 then preferably generates a new signal indicative of the operating 

15 state of the sensor 205 and transmits the information to the controller 206. The 
input signal selector 5210 preferably controllably selects input signals as a 
function of the operating mode indicated by the startup sequencer 325. 

In a preferred embodiment, in step 5315 the sensor simulator 330 converts 
the input received in step 5310 into an electrical output Vsim. In a preferred 

20 embodiment, the output Vsim of the sensor simulator 330 depends on the 
operating state indicated by the filter 5205. The output Vsim of the sensor 
simulator 330 may be in any form of electrical quantity such as, for example, 
resistance, capacitance, charge, voltage, or current. In a preferred embodiment, 
the output Vsim of the sensor simulator 330 is in the form of a voltage. In a 

25 preferred embodiment, the electrical input and transfer function of the sensor 
simidator 330 are approximately mathematically equivalent to the input and 
transfer fimction of a typical sensor. Therefore, the behavior of the sensor 
simulator 330 preferably approximately mimics the behavior of the sensor 205. 
The output Vsim from the sensor simulator 330 varies depending on the 

SO operating mode of the sensor 205. The operating modes of the sensor 205 
include the measurement mass 309 setup mode (OPERATING MODE 1), the 
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gravity cancellation mode (OPERATING MODE 2), the stray capacitance 
calibration mode (OPERATING MODE 3), and the sigma-delta operating mode 
(OPERATING MODE 4). In a preferred embodiment, the z-transform Vc(z) of 
the simulator 330 output voltage Vsim during the four operational modes 
5 OPERATING MODE 1, OPERATING MODE 2, OPERATING MODE 3, and 
OPERATING MODE 4 is given by: 



2C 



2AV^m 4P2^ 

J W + l2 



(3) 



during the OPERATING MODE 1, 



10 



2C 



(4) 



during the OPERATING MODE 2 and the OPERATING MODE 3, and 



V^(z)=H(z) 



2Q 



(5) 



15 during the OPERATING MODE 4, where, 

Vc(z) = z-transform of the simulator output voltage Vsim, 
H(z) = z-transform of the discrete-time sensor model, 
m = proof mass of the sensor 205, 

d = gap distance between the capacitor plates of CI and C2, 
20 Vr = reference voltage supplied by the front-end drcuit 310, 

Vdd = power supply voltage supplied by system power input, 
= nominal plate capacitance of CI and C2 in FIG. 9, 

Dgsi = duty factor of 1-g cancellation force m OPERATING MODE 1, 

Dcaas = duty factor of 1-g cancellation force in OPERATING MODE 2 and 
25 OPERATING MODE 3, 
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Dg4 = duty factor of 1-g cancellation force in OPERATING MODE 4, 

Dp4 = duty factor of modulator feedback forcing in OPERATING MODE 4, 

V^c(z) = z-transform of a voltage-equivalent input acceleration test signal 

supplied by an external signal input, 
Vsum(z) = z-transform of feedback voltage in OPERATING MODES 1, 2 

and 3, and 

Do(z) = z-transform of a feedback bitstream. 
For a sensor transfer function H(e) given by: 



where B is a damping coefiSdent and K is an effective spring constant, the "step- 
invariant" z-transform of H(s) is preferably given by: 




(6) 



(A-B+l)z-' + (C-A)z 
l-Bz-' + Cz-^ 



-2 



Hiz)=K^ 



(7) 



where: 




A= e""''sec<|)Cos((DT-<|)), 
B=2e''^cos(DT, 
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In a preferred embodiment, the values of the variables associated with Equation 
(7) are given by: 



10 The variables are preferably plumed into Equations (3), (4), or (5) along with 
other variables and constants to obtain the value of the output Vsim from the 
sensor simulator 330. 

In a preferred embodiment, in step 5320 the output Vsim from the sensor 
simulator 330 is transmitted to the controller 206. The output Vsim may be sent 

15 from the simulator 330 to the controller 206 using any niunber of conventional 
commercially available methods of sending the output Vsim from the simulator 
330 to the controller 206. In a preferred embodiment, the output Vsim from the 
simulator 330 is sent to the controller 206 by an electrical switch. In a preferred 
embodiment, the output Vsim from the simulator 330 is in the form of a voltage. 

20 In a preferred embodiment, in step 5325 the controller 206 receives the 

input from the sensor simulator 330 and converts it into an output signal of 
convenient magnitude, phase, and form such as, for example, voltage, current, or 
digital data. In a preferred embodiment, the output IMOD of the controller 206 
is in the form of voltage. The output Vsim from the sensor simulator 330 may be 

26 processed by the controller 206 tising any nmnber of processes suitable for 
converting the output data Vsim from the sensor simulator 330 into a more 
convenient form such as, for example, analog filtering or amplitude modulation. 



5 



T= sample interval, 
m= proof mass of the sensor 205, 
K= spring constant, 
Q=quality factor, and 



VKm 
Q 



= damping factor. 
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In a prefmred embodiment, the processing in the controller 206 occurs by 
switched-capacitor filteiing and sigma-delta modtdation. 

In a preferred embodiment, in step 5330 the output IMOD from the 
controller 206 is analyzed to determine if the controller 206 is operating 
5 properly. The output IMOD from the controller 206 may be analyzed using any 
niunber of methods suitable for determining the acciu-acy of the controller 206 
output IMOD. In a preferred embodiment, the controUer 206 output IMOD is 
analyzed to check the stability of the closed-loop sj^tem by spectrum analyzing 
the bitstream outputs from the controller 206 and comparing the bitstream 
10 outputs IMOD from the controller 206 with known frequency response 

characteristics of working sigma-delta modulators. If the output IMOD from the 
controller 206 is mconsistent with the expected output, the controller 206 is 
identified as a possible source of error within the system 100. 



15 assembly 5600 wiQ now be described. In a preferred embodiment, as illustrated 
in FIG. 55, the method 5500 of creating the controller assembly 5600 includes: 
providing a substrate 5605 for the controller assembly 5600 in step 5505, 
fabricating the controller 206 on the substrate 5605 in step 5510, fabricating the 
sensor simulator 330 on the substrate 5605 in step 5515, and coupling the 

20 controller 206 and the sensor simulator 330 in step 5520. 

In a preferred embodiment, in step 5505 the substrate 5605 is provided 
onto which the controller assembly 5600 is implemented. The substrate 5605 
may include any number of conventional commercially available materials 
suitable for acting as a substrate for the controller assembly 5600. In a preferred 

25 embodiment, the substrate 5605 is silicon. 

In a preferred embodiment, in step 5510 the controller 206 is fabricated 
onto the substrate 5605. The controller 206 may be fabricated onto the substrate 
5605 using any number of methods suitable for fabricating a controller onto a 
substrate. In a preferred embodiment, the controU^ 206 is fabricated onto the 

30 substrate 5605 by using a 1.5 micron double poly, double metal CMOS process 
with weak bipolars. 



Referring to FIGS. 55 and 56, a method 5500 of creating a controller 
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In a preferred embodiment^ in step 5515 the sensor simulator 330 is 
fabricated onto the substrate 5605. The sensor simulator 330 may be fabricated 
onto the substrate 5605 using any number of methods for fabricating a simulator 
onto a substrate. In a preferred embodiment, the sensor simulator 330 is 
5 fabricated onto the substrate 5605 by using a 1.5 micron double poly, double 
metal CMOS process with weak bipolars. 

In a preferred embodiment, in step 5520 the controller 206 is coupled to 
the sensor simulator 330. The controller 206 and the sensor simulator 330 may 
be coupled using any number of methods suitable for coupling electronic 

10 components. In a preferred embodiment, the electrical switch 5105 is used to 
couple the controller 206 and the simulator 330. In another preferred 
embodiment, the switch 5105 is turned off to disconnect the controller 206 and 
the sensor simulator 330 and is turned on to connect the controller 206 and the 
sensor 205. In this manner, for example, the operation of the controller 206 may 

15 be tested without assembling the entire sensor system 100. 

In another preferred embodiment, in step 5510 a plurahty of controllers 
206 are fabricated onto the substrate 5605, and in step 5515 a plm-aUty of sensor 
simulators 330 are fabricated onto the substrate 5605. In step 5520, the 
plurality of controllers 206 and the plurality of sensor simulators 330 are 

20 preferably coupled, creating a plurality of controller assembUes 5600 on a single 
substrate 5605. In this configuration, for example, the operation of a plurality of 
controllers 206 may be tested by using a single substrate 5605, eliminating the 
need to use a pluraUty of substrates 5605. 

Referring to FIG. 57, a method 5700 of creating the sensor system 100 will 

25 now be described. In a preferred embodiment, the method 5700 of creating the 
sensor system 100 includes: creating a controller assembly in step 5705, testing 
the controller assembly in step 5710, and coupling the controller assembly to a 
sensor 205 in step 5715. 

In a preferred embodiment, in step 5705 the controller assembly is 

30 created. The controller assembly preferably includes the sensor simulator 330, 
the controller 206, and the substrate 5605. The controller assembly may be 
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created using any method suitable for creating a controller assembly* In a 
preferred embodiment, the controller assembly is created by fabricating the 
sensor simulator 330 and the controller 206 on the substrate 5605, substantially 
as described in the method 5500 of creating the controller assembly 5600. In a 
5 preferred embodiment, the controller assembly 5600 indudes the controller 206 
and the sensor simidator 330 implemented as an application specific integrated 
drcuit (ASIC). 

In a preferred embodiment, in step 5710 the operation of the controller 
assembly 5600 is tested. The operation of the controller assembly 5600 may be 

10 tested using any number of methods suitable for testing a controller. In a 

preferred embodiment, the operation of the controller assembly 5600 is tested by 
checking the stability of a closed-loop system by spectrum analyzing the 
bitstream outputs IMOD firom the controller 206 and comparing them with 
known firequency response characteristics of working sigma-delta modulators. 

15 The controller 206 preferably processes the output Vsim of the sensor simulator 
330 and produces the controller 206 output IMOD. The output IMOD of the 
controller 206 is preferably compared with the expected output associated with 
the known output Vsim from the sensor simulator 330. If the actual output 
IMOD of the controller 206 and the expected output of the controller 206 are 

20 equal, the controller assembly 5600 is operating properly. 

In a preferred embodiment, in step 5715 the controller assembly 5600 is 
coupled to the sensor 205. In a preferred embodiment, the controller assembly 
5600 is coupled to the sensor 205 after the controller assembly 5600 is found to 
be operating properly in step 5710. The sensor 205 and the controller assembly 

25 5600 may be coupled using any nimd)er of methods suitable for coupling a sensor 
to a controller. In a preferred embodiment, the sensor 205 and the controller 
assembly 5600 are coupled using the electrical switch 5105. 

Although illustrative embodiments of the invention have been shown and 
described, a wide range of modification, changes and substitution is 

30 contemplated in the foregoing disclosure. In some instances, some features of 
the present invention may be employed without a corresponding use of the other 
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features. Accordingly, it is appropriate that the appended claims be construed 
broadly and in a manner consistent with the scope of the invention. 



